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Influence of Annealing and Irradiation by Heavy Ions
on Optical Absorption of Doped Lithium Niobate Crystals
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The present work is devoted to investigation of optical absorption changes in Fe and Cu doped LiNbO3 (LNO)

single crystals induced during annealing in vacuum and air as well as under influence of the 209Bi ions irradiation
with energy 11.4 MeV/u (MeV per nucleon) and a fluence 5 × 1011 cm−2 at room temperature. The analysis
of changes of absorption of the crystal during air annealing have been studied in the Arrhenius coordinates and
activation energies have been determined.
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1. Introduction

Unique physical properties of lithium niobate LiNbO3

(LNO) single crystals lead to their wide use in various
fields of science and engineering, for example acousto-
optics, opto- and quantum electronics. The lithium nio-
bate crystals doped with Fe or Cu ions are used as holo-
graphic storage media [1].

It is known that annealing of the oxide crystals in dif-
ferent atmospheres can change the optical absorption of
the crystals [2–4]. Annealing can produce new point de-
fects, for example oxygen vacancies or removing existing
defects, and also can lead to the charge change of point
defects or dopants [2, 4].

Implantation of light ions from energy in the few MeV
range is a standard procedure to produce optical wave-
guides at visible and near-IR wavelengths in LNO and
in many other crystals [5, 6], but also heavy mass ions
(Kr, Xe) having energies in the ≈10 MeV/u range have
been successfully used to produce thick planar LNO op-
tical waveguides [7]. At the end of their range, ions are
implanted and severe structural damage is produced by
elastic collisions with the atoms of the target material,
leading to the formation of a buried layer having a lower
density and refractive index than the virgin crystal [7].

Heavy ion implantation is a versatile tool for fabrica-
tion of embedded metal nanoparticles and for modifica-
tion of domain structures of ferroelectrics [8]. In partic-
ular, heavy-ion implantation has an advantage, because
the injected elements are immiscible.

The ionizing radiation can also affect the optical prop-
erties of the LNO crystals and there are many publi-
cations devoted to the investigation of the colour cen-
tres (CC) created by various kinds of ionizing radiation
(UV light, gamma quanta, electrons, neutrons) on pure
LNO crystals or doped by photorefractive ions, for ex-
ample in [9–13]. However, the CC formation in these
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crystals under the ion irradiation was studied insuffi-
ciently, and was performed practically only for light ions
(for example 25 MeV protons, 150 keV Ar+ ions) or
for low-energy heavy ions (for example 23 keV Au+,
60 keV Cu+) [14–17]. The optical absorption of LNO ir-
radiated by swift heavy ions was studied only for 0.8 GeV
155Gd ions [18] and 3 MeV Cu ions [19].

The present work is devoted to the investigation of
the optical changes in vacuum and air annealed or 209Bi-
irradiated LNO:Cu (0.03%) and LNO:Fe (0.2%mol)
crystals.

2. Experimental details

The investigated crystals were grown by the Czochral-
ski method in condition described in [9]. For optical mea-
surements the polished plates of the crystals with thick-
ness of 1 mm were used.

The selected samples were annealed in vacuum in tem-
perature 500 ◦C by 1 h. The other “as grown” samples
were isochronally annealed (for 30 min at temperature
range 200–800 ◦C with step 100 ◦C) using a LHT 04/16
NABERTHERM furnace with C42 controller. The tem-
perature during each heating was stable within 1 K.
The transmission spectra of annealed samples were mea-
sured at room temperature.

The other samples of crystals were irradiated by 209Bi
ions with energy 11.4 MeV/u (the total particle energy
was 2382 MeV) and fluence 5× 1011 cm−2 at room tem-
perature in GSI (Darmstadt, Germany). To exclude
other influence during irradiation, the samples during ir-
radiation were protected by Al foil (thickness of 10 µm)
which reduces the ion energy to 1787 MeV. Penetration
depth and finally trapped Bi concentration have not been
determined. The samples irradiated with bismuth ions
have cracked perpendicular to the surface into few parts
and their absorption was measured for the area free from
visible destructions for selected part of sample.

The transmission spectra were recorded using spec-
trophotometer Cary 5000. The induced additional ab-
sorption (AA) was calculated as

(800)
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∆K = K2 −K1 =
1

d
ln
T1
T2
, (1)

where d is the sample thickness, T1 and T2 are the optical
transmission values before and after treatment (anneal-
ing or irradiation), respectively.

3. Results

The optical absorption spectra of as-grown LNO:Fe
and LNO:Cu crystals above 10000 cm−1 are shown in
Fig. 1. A broad absorption band with maximum at
21000 cm−1 is observed in Fe-doped crystal that is due
to intervalence electron transition Fe2+ → Nb5+ [20] as
well as a slight increase of absorption below 12500 cm−1

connected with 5T2 → 5E electron transition of Fe2+ ions
was observed (Fig. 1) [21]. A wide and weak band centred
at 25000 cm−1 associated with the intervalent transition
Cu+ → Nb5+ [22] is present for LNO:Cu crystal (Fig. 1).

Fig. 1. Absorption spectra of LNO:Cu and LNO:Fe
crystal.

Fig. 2. AA of vacuum annealed LNO:Fe and LNO:Cu
crystals.

After vacuum annealing the strong absorption growth
for both samples of LNO:Cu and LNO:Fe were observed.
The AA of LNO:Cu sample showed a wide intense band

with maximum near 25000 cm−1 (Fig. 2). The in-
crease of absorption LNO:Cu crystal with maximum near
25000 cm−1 connected with slight decrease of absorption
near 9650 cm−1 have been also observed in work [22]
after reducing annealing in argon (500–900 ◦C) and vac-
uum (600–700 ◦C). According to authors of Ref. [22] the
absorption changes are associated with charge change of
copper ions. In our opinion the absorption change ob-
served by us is due to growth of concentration of Cu+
ions (leading to increase of intensity of the transition
Cu+ → Nb5+) during annealing as a results of reaction
Cu2+ + 2O2− → O2↑+ 2VO + Cu+ + 3e−.

In AA spectrum of LNO:Fe sample the maximum in
21000 cm−1 (Fig. 2) connected with increase of inten-
sity of intervalence electron transition Fe2+ → Nb5+ is
observed. This fact suggests that during vacuum anneal-
ing the growth of concentration of Fe2+ ions takes place
due to reducing iron ions (Fe3+ + 2O2− → O2↑+ 2VO +
Fe2++3e−). In final for both LNO samples the produced
oxygen vacancies can capture the electrons becoming F-
type centers, which have contribution to the growth of
absorption. In works [10, 11] the growth of absorption of
LNO:Fe with maximum near 23800 cm−1 or 21000 cm−1

were observed as results of 1.6 MeV electron irradiation
(with fluency 1014 cm−2) and X-ray irradiation, conse-
quently. The increase of absorption was connected with
growth of concentration of Fe2+ ions by charge change of
Fe3+ ions [10, 11]. The annealing of electron-irradiated
LNO:Fe crystal in air leads to the absorption decrease
due to hole trapping by Fe2+ ions [10]. The presence
of other optical active centers in LNO:Fe is rather very
unlikely. In work [23] there was shown that annealing
of pure LNO produce growth of crystal absorption be-
low 16500 cm−1 is connected with creation of polarons
as results of dissociation of bipolarons. Unfortunately,
we did not observe the decrease of absorption band with
maximum near 21000 cm−1 connected with bipolaron
dissociation.

Fig. 3. AA of air annealed LNO:Cu crystal for selected
annealing temperatures.
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Fig. 4. As in Fig. 3, but for LNO:Fe crystal.

Fig. 5. The AA coefficient in 25000 cm−1 of air an-
nealed LNO:Cu crystal in Arrhenius coordinates.

Fig. 6. The absorption coefficient in 21000 cm−1 of air
annealed LNO:Fe crystal in Arrhenius coordinates.

The annealing of LNO:Cu and LNO:Fe samples in
air leads to decrease of absorption of the samples
(Fig. 3, 4). The value of AA depends on the temperature
of isochronous annealing. The annealing in 200 ◦C prac-
tically does not influence the sample absorption for both
crystals and has not been taken into account. The char-
acter of AA for both air annealed crystals suggests that
decrease of absorption is mainly connected with charge
change of dopants ions (Fe2+ → Fe3+, Cu+ → Cu2+).

The experimental data analysis in the Arrhenius co-
ordinates (Figs. 5, 6) shows that the absolute value of
additional absorption coefficient depending on annealing
temperature can be well approximated by one (LNO:Fe)
and two (LNO:Cu) straight lines. The approximation
have been performed for 21000 cm−1 (LNO:Fe) and
25000 cm−1 (LNO:Cu) using “linear approximation” in
Microcal Origin program. The estimated activation en-
ergies as well as their accuracy are given in Table I.

TABLE I

Activaction energy of the two-step process
annealing in air.

Sample Ea [eV]
Coefficient of

determination (R2)

LNO:Cu
0.11
0.46

0.999
0.975

LNO:Fe 0.27 0.997

For LNO:Cu the defect has been annealed in two-stage
process. We suggest that besides of dopant (Cu) the
electron F-type centers (single or double charged an-
ion vacancy) are responsible for near band absorption
in LNO:Cu crystals. In the annealing process the charge
change of Cu ions takes place and oxygen will fill the oxy-
gen vacancy and after electron–hole recombination the
regular lattice is restored. For LNO:Fe the one-step pro-
cess takes place connected with charge change of Fe ions.

Fig. 7. The AA bismuth ion irradiated LNO:Cu and
LNO:Fe crystals.

The irradiation by 209Bi ions with an energy 2382 MeV
and a fluence of 5× 1011 cm−2 lead to the change of op-
tical absorption in tested LNO:Fe and LNO:Cu crystals
(Fig. 7).

The additional absorption (Fig. 7) showed wide spec-
trum without clear structure. For LNO:Fe slight maxi-
mum near 21000 cm−1 is observed, which may be asso-
ciated with Fe2+ iron ions.

In contrast to the irradiation by protons [15], the au-
thors of the paper [18] also observed that irradiation
of LNO crystal by 5.17 MeV/u 155Gd ions at room
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temperature with fluence extended from 1.5 × 1011 to
1.2 × 1012 ions cm−2 produce unstructured additional
absorption.

The nature of defects responsible for induced absorp-
tion after Bi ions irradiation is not entirely clear. During
irradiation a different kind of defects can be produced as
track defects, aggregates of defects, complex defects or
single point defects as well as change charge of dopant
ions can take place.

Fig. 8. The EPR spectra of LNO:Fe crystal before and
after irradiation.

The part of these centers have paramagnetic nature
and manifest in the EPR spectrum of the LNO:Fe crys-
tal in the form of numerous lines (Fig. 8). The com-
plicated structure of the EPR spectra, from comparison
with unirradiated sample (Fig. 8) indicates presence of
various paramagnetic centers.

It was shown that at very high electronic stopping pow-
ers (a few tens of keV/nm), resulting from GeV heavy
ion irradiations, significant damage may occur in ma-
terials insensitive to ionization processes [24] as induced
point and extended defects in monocrystalline phase [25].
In work [26] there has been hypothesized that in the
5 MeV oxygen-implanted lithium niobate the nuclear
damage provides the localization of the energy released
to the electronic subsystem necessary for the conversion
into atomic displacements. Additionally, it was shown
in [27] that ion irradiation can lead to the amorphization
of surface ABO3 type crystals. All these processes can
take place in our samples.

The lattice damage can be also induced by elastic
nuclear collisions and implantation [28, 29]. For ex-
ample, damage induced defects by ion irradiations in
lithium niobate were observed for swift (GeV range)
112Sn, 155Gd, and 238U ions with fluences extending not
below 1010 cm−2 for the high electronic stopping power
(dE/dx)e, between 18 and 40 keV nm−1 [30]. In this
case damage cross-section σd varies from 4 × 10−13 to
1.4× 10−12 cm2 [30]. Each of these processes (electronic
interactions, nuclear collisions) can result in the creation
of optically active centers in Bi irradiated LNO crystals.

4. Conclusion

The annealing of LNO:Fe and LNO:Cu in vacuum leads
to the growth of absorption of the crystals due to change
of charge of dopants. After air annealing the opposite
effects were observed. Irradiation by high energy bismuth
ions leads to the growth of the absorption of the crystals
due to production of different defects.
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