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Abstract. The incorporation of praseodymium intoLiNbO3
by diffusion doping is investigated by means of secondary
neutral mass spectrometry and secondary ion mass spec-
trometry. The diffusion of praseodymium inLiNbO3 can be
described by Fick’s laws of diffusion with a concentration-
independent diffusion coefficient and a limited solubility of
praseodymium inLiNbO3 increasing exponentially with ris-
ing temperature. The diffusion depends on theLi2O content
of the LiNbO3 crystal. ForLiNbO3 crystals with a nomi-
nal slight difference in the congruent composition, the diffu-
sion constants and activation energies for Z-cutLiNbO3 are
3.28×10−5 cm2/s and 2.27 eV, and1.39×10−5 cm2/s and
2.24 eV, respectively. Titanium-doped waveguides are formed
in Pr:LiNbO3 and characterised in relation to waveguide loss
and absorption in the visible and near infrared.

PACS: 42.70; 66.30

Lithium niobate (LiNbO3) is one of the most attractive ma-
terials for integrated optics due to its unique combination
of excellent electrooptical, acoustooptical and non-linear op-
tical properties. It opens the possibility of fabricating op-
tically pumped waveguide amplifiers and lasers by doping
aLiNbO3 substrate with rare earth ions (Er, Nd, Yb, Tm) [1–
4]. The rich optical spectrum of praseodymium extending
from the ultraviolet to the near infrared enables the design of
up-conversion lasers generating light in the visible, as well
as amplifiers for optical communications in the wavelength
range aroundλ= 1.3µm [5–7].

This paper reports for the first time on praseodymium
doping ofLiNbO3 by in-diffusion. This is a simple and ef-
ficient technique yielding highly doped surface layers of ex-
cellent optical quality allowing the fabrication of low-loss
optical channel waveguides by titanium in-diffusion. The dif-
fusion constants and the maximum solubility ofPr in LiNbO3
were determined by analysingPrdoping profiles using SNMS
(secondary neutral mass spectrometry) and SIMS (secondary
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ion mass spectrometry). A knowledge of the diffusion con-
stants and of the solubility ofPr is necessary for the fabri-
cation of Ti:Pr:LiNbO3 waveguides with optimised overlap
of the Pr doping profile and the intensity distribution of the
guided optical modes. A first characterisation ofTi-doped
waveguides inPr:LiNbO3 is presented.

1 Experiment

Two sets of samples were prepared using Z-cutLiNbO3
wafers grown from congruent melts by different suppliers:
LiNbO3 wafers produced by Crystal Technology Inc. (CTI)
with a composition of48.38 mol% Li2O [8] and wafers from
Telefilter (tft) with 48.47 mol% Li2O [9]. The congruent
composition is needed to allow the growth of composition-
ally and optically homogeneousLiNbO3 crystals. The quan-
titative figure of the congruent composition depends on the
crystal growth conditions. The real point defect structure of
LiNbO3 depends on the givenLi/Nb ratio of the melt and on
the given growth conditions [10].

For the determination of the diffusion coefficients and the
solubility of praseodymium inLiNbO3 a metallicPr layer of
17.1 nm thickness was deposited on the surface of the sam-
ples by electron beam evaporation at6×10−5 Paresulting in
a Pr surface coverage of(5.0±0.2)×1016 cm−2. The diffu-
sion was carried out in a platinum box at temperatures/dur-
ations of1030◦C/50 h, 1100◦C/40 h and1130◦C/40 h for
the samples from CTI and of1030◦C/50 hand1065◦C/50 h
for the samples from tft, respectively. During the first two
hours the diffusion was performed in a dry oxygen atmo-
sphere to fully oxidise thePr layer followed by a diffusion
in argon atmosphere. During the last hour the diffusion was
carried out again in an oxygen atmosphere to compensate the
loss of oxygen of the crystal.

An additional set of Z-cutLiNbO3 samples from CTI
was prepared to getTi-doped channel waveguides in doped
Pr:LiNbO3. Praseodymium layers of14.5 nm and 17.2 nm
thickness were in-diffused at1130◦C/150 hfollowed by the
in-diffusion (1060◦C/5 h) of 5, 6 and7µm wide, photolitho-
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graphically definedTi stripes of74 nmthickness. The length
of the waveguides was51and54 mm, respectively.

To analyse the concentration profile of the in-diffused
Pr quantitatively with high accuracy, both SNMS and SIMS
were used. Details of the methods are described in [11].
SNMS measurements were performed with the high fre-
quency mode (HFM) on a Specs INA-3 machine. Using
HFM-SNMS with 700 V acceleration voltage at320 kHz
a sputter rate of about0.6 nm/s was achieved. The detection
sensitivity ofPr in LiNbO3 using SNMS was50 ppm. SIMS
measurements used to analyse deep concentration profiles
were performed with a CAMECA-IMS4F instrument. An
O2+-beam of500 nA at 5.5 keV was used to sputter a crater
of 200×200µm2 cross section at a rate of about1 nm/s. The
detection sensitivity forPr in LiNbO3 using SIMS was8 ppm.

The measuredPr concentration profiles were normalised
to the oxygen as well as to the niobium signal (SNMS) and to
the niobium signal only (SIMS). The quantitative determin-
ation of thePr concentration was performed using the law of
mass conservation. The depth of the craters was measured by
a depth profiler and a linear time versus depth relationship
was assumed for the sputter process.

The total losses of the channel waveguides were measured
using the low finesse method [12]. Absorption in thePr-
doped channels was investigated in the visible (500–800 nm)
and the near infrared (1000–1700 nm) without polarisation
control using a white light source and a monochromator with
spectral resolution of about1 nm. The light was butt-coupled
into the waveguides using a1.3µm standard single mode
fiber. At the output of theTi:Pr:LiNbO3 waveguide a second
1.3µm standard single mode fiber was used connected to the
detector unit, a liquid nitrogen cooledGedetector and a pho-
tomultiplier R928 HFT (Hamamatsu), respectively.

2 Results and discussion

2.1 Diffusivity and solubility ofPr in LiNbO3

Assuming a concentration-independent diffusion coefficient
of Pr, DPr, concentration profiles resulting from planar doping
can be derived from the one-dimensional diffusion equation
corresponding to Fick’s law. Taking into account a finite solid
solubility of Pr in LiNbO3 the Pr concentration at the sur-
face of the substrate,cPr,0, remains constant as long as the
Pr reservoir is not depleted. The corresponding solution is
a complementary error function [13]:

cPr(y, t)= cPr,0 erfc

(
y

2
√

DPrt

)
, (1)

wherecPr,0 corresponds to the temperature dependent solid
solubility of Pr in LiNbO3. For long diffusion times the diffu-
sion reservoir at the surface is depleted and the solution of the
diffusion equation can be approximated by a Gaussian distri-
bution for thePr concentration (for more details see [14]).

The unambiguous determination of the diffusion coeffi-
cientsand the solubility is only possible usingPr concen-
tration profiles corresponding to (1). Some of thePr con-
centration profiles obtained by SNMS are shown in Fig. 1.
A Pr-rich surface layer also containingNb, Li andO of about
100–150 nm thickness was observed on the surface of the
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Fig. 1. Praseodymium doping profiles obtained by SNMS for different diffu-
sion temperatures (1030◦C≤ Tdiff ≤ 1130◦C). Thedash-dotted linereveals
a fit corresponding to (1). Due to the chosen experimental conditions for the
Pr diffusion the reservoir at the surface is not completely depleted. A thin
surface compound consisting of aPr-rich niobium-lithium-oxide of about
100–150 nmthickness remains at the surface. The inset reveals the depen-
dence of the diffusivity ofPr on theLi2O content (triangles- LiNbO3 from
CTI: 48.38 mol% Li2O; squares- LiNbO3 from tft: 48.47 mol% Li2O)

substrates (shown in the inset of the figure); it represents
the undepleted diffusion reservoir. A detailed compositional
phase analysis is necessary to describe the phases formed in
this layer. The doping profile suggests aPr distribution corre-
sponding to (1). The transitions between thePr-rich surface
compounds and the concentration profiles correspond to the
maximum solubility ofPr in LiNbO3 at the given diffusion
temperatures. The concentration profiles ofPr in the inset
reveal that the diffusion is different using different nominal
congruent compositions.

Least square fits of complementary error functions cor-
responding to (1) give a good agreement with the meas-
ured doping profiles below the surface compound. The pa-
rameters of the fits yield the diffusion coefficients and the
solubility data. The main uncertainties in these data result
from the signal-to-noise ratio of the measurement influenced
by NbO3 having the same mass number asPr and from
the limited accuracy of the depth scaling. The accuracy of
the diffusion coefficients is given by±2×10−15 cm2/s and
±1.5×10−14 cm2/s for the diffusion at1030◦C and1130◦C,
respectively.

SIMS analysis ofPr depth profiles resulting from the
diffusion at1100◦C/150 hand1130◦C/150 hconfirms the
results of the determination of the diffusion coefficients ob-
tained by SNMS.

The Arrhenius plots in Fig. 2 summarise the results. The
diffusion constant is clearly dependent on the composition of
the LiNbO3 substrate; a slight increase of theLi2O content
decreases the diffusivity. The diffusion coefficients are well-
fitted by

DPr= DPr,0 exp

(
− Ea

kBT

)
, (2)

as shown by the dash-dotted lines in Fig. 2,kB is Boltzmann’s
constant andT is the absolute diffusion temperature. The
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Fig. 2. Arrhenius plot of the diffusion coefficients of praseodymium in
LiNbO3 for diffusion parallel to thec-axis (Z-cut) of LiNbO3 measured
by SNMS. Thedash-dotted lineshows a fit corresponding to (2). (trian-
gles - LiNbO3 from CTI: 48.38 mol% Li2O; squares- LiNbO3 from tft:
48.47 mol% Li2O)

diffusion constantDPr,0 and activation energyEa are(3.3±
0.5)×10−5 cm2/s and (2.27±0.08) eV for LiNbO3 from
CTI with 48.36 mol% Li2O and (1.4±0.5)×10−5 cm2/s
and(2.24±0.08) eV for LiNbO3 from tft with 48.47 mol%
Li2O.

The solubility ofPr in LiNbO3 is presented in Fig. 3 as
function of temperature. The main behavior is nearly the same
as observed for erbium inLiNbO3 [11]. In systems of very
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Fig. 3. Arrhenius plot of the solubility data of praseodymium inLiNbO3 re-
vealing the exponential increase of the solubility with rising temperature.
(∆Hs - heat of solution) (triangles- LiNbO3 from CTI: 48.38 mol% Li2O;
squares- LiNbO3 from tft: 48.47 mol% Li2O)

limited solubility an exponential law describes the rise of the
solubility with temperature:

cPr,0= cPr,s exp
(
−∆Hs

kBT

)
, (3)

where∆Hs is the heat of solution andcPr,s is the solubility
constant [15]. A dependence on the composition of the sub-
strate material is observed again; the higher amount ofLi2O
in the tft sample reduces thePrsolubility. The Arrhenius plots
of the solubility data fit well with (3). For the CTI material,
∆Hs= 2.38 eVandcPr,s= 1.0×1029 cm−3 and for the tft ma-
terial∆Hs= 2.18 eVandcPr,s= 9.5×1027 cm−3 were found.

The activation energy for diffusion is the energy required
to surmount the barrier between adjacent lattice sites suitable
for migration as well as for incorporation of a dopant. The
figures forEa for the two materials are nearly equal. The dif-
ference in the diffusivity results fromD0 which depends on
the jump-attempt frequency, the jump distance, and the con-
centration and location of vacancies in the lattice. The higher
the amount ofLi2O in the LiNbO3 crystal, i.e. the closer
the composition is to stoichiometry, the lower becomes the
number of suitable vacancies for migration and incorpora-
tion. This reduces the diffusivity and the solubility, too. This
dependence of the diffusivity ofPr on theLiNbO3 host com-
position is similar to that observed by Holmes et al. forTi in
LiNbO3 [16].

Comparing the results of the diffusivity and solubility of
Pr in LiNbO3 with those of [11] reveals nearly equal activa-
tion energy (forEr in LiNbO3 (Z-cut) Ea= 2.28 eV [8]) but
a lower diffusivity ofPr. Due to the similar chemical behav-
ior of Er andPr, the reduced diffusivity ofPrcan be attributed
to its higher ionic radius. This induces additional strain in the
crystal structure of the host, decreasing the jump-attempt fre-
quency [15]. The reduced solubility is also attributed to the
size factor.

2.2 Characterisation ofTi: Pr: LiNbO3 channel waveguides

Optical characterisation of theTi:Pr:LiNbO3 channel wave-
guides proved that the6µm (7µm) wide channels are single
mode in the wavelength range from1190 nm (1310 nm)
to 1700 nm, respectively. The intensity distribution of the
guided modes in7µm wide channels was6.6µm×4.6µm
(TE) and 4.7µm×2.8µm (TM) full width at half max-
imum at1546 nm. The total losses of the undoped channels
were (0.03± 0.01) dB/cm (TE) and (0.07± 0.02) dB/cm
(TM). With the knowledge of the unpolarised absorption
and the measurement of the total losses of doped chan-
nels at 1523 nm, scattering losses of0.10–0.15 dB/cm
(±0.05 dB/cm) were estimated for the doped channels.

Figure 4 shows the room temperature absorption of
a Ti:Pr:LiNbO3 waveguide (14.5 nm Pr, 1130◦C, 150 h,
7µm wide channel) measured in the range of500 nm≤ λ ≤
1700 nm. Up to1310 nmwavelength the waveguide is multi-
mode as shown by the oscillation of the transmission signal.
In the wavelength range500–800 nm, due to transitions from
the ground state, the3P1, 3P0 and 1D2 levels are detected.
The weak1G4 absorption level at about1030 nmwas not de-
tectable in this waveguide due to the multi-mode oscillations.
In the range1310–1700 nmtheTi-doped waveguide is single
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Fig. 4. Absorption spectra of aTi:Pr:LiNbO3 channel waveguide (Z-cut
LiNbO3; 14.5 nm Pr diffused at 1130◦C/150 h; 7µm wide channel of
74 nm Ti diffused at1060◦C/5 h). The strong oscillations below1300 nm
are due to the multi-mode behavior of the waveguide.Inset: Energy level
scheme ofPr:LiNbO3. Full lines - ground state and observed absorption
bands,dashed lines- absorption bands at longer wavelength [14]

mode and the strong absorption bands due to the3F4 and3F3
energy levels can be seen. The absorption spectra obtained
are in agreement with the results of bulk dopedPr:LiNbO3
published by Lorenzo et al. [17].

Figure 5 shows the absorption of5µm wide channel
waveguides with different doping levels. These waveguides
are single mode in the range1100–1700 nm. In spite of the
multi-mode behavior forλ < 1100 nm, the 1G4 absorption
band is demonstrably present. The inset in Fig. 5 shows the
corresponding absorption using a linear scale (multi-mode
oscillations are removed by calculation). The resulting ab-
sorption is about20% (1 dB).
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The increase of the absorption with the increase with the
doping level of praseodymium corresponds to the relation

T(λ, l)= exp

(
−lσa(λ)

∫
N0(x, y)s0(x, y, λ) dA

)
(4)

assuming a constant absorption cross sectionσa(λ), wherel is
the length of the waveguide,N0(x, y) the concentration pro-
file of praseodymium ands0(x, y, λ) is the optical intensity
distribution of the guided mode. The structure observed in-
side the bands is mainly due to the splitting of the different
levels in the crystal field by the Stark effect.

3 Conclusion

The diffusion ofPr into LiNbO3 can be described by Fick’s
laws of diffusion with a concentration-independent diffusion
coefficient and a temperature-dependent maximum solubil-
ity of Pr in LiNbO3. The solubility of Pr grows exponen-
tially with rising temperature. The diffusivity and solubility
of Pr depend on theLi2O content of theLiNbO3 crystal, and
are reduced with increasingLi2O content. Using diffusion-
dopedPr:LiNbO3 the fabrication of low-lossTi-doped chan-
nel waveguides is possible, but pumping via the1G4 energy
level is not very efficient for amplifier and laser applications
due to the low absorption. An enhancement of the pump effi-
ciency can be obtained byYb codoping ofLiNbO3 during the
Pr-doping process [18].
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