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ABSTRACT: RbTiOPO4 doped with Nb (RTP:Nb) has been revealed as a new nonlinear optical host for rare earth
doping. We have studied the growth conditions of single crystals of RTP:Nb doped with Er3+ and Yb3+ obtained by
the TSSG (top-seeded-solution growth)/slow-cooling technique. The concentration of rare earth ions in RTP:Nb was
13 times higher than in RTP crystals. There were significant changes in the morphology of the crystals. While RTP
crystals grew with normal morphology, showing the {100}, {201}, {201h}, {110}, {011}, and {011h} forms, RTP:Nb
crystals show a habit as thin plates, maintaining all the forms above mentioned, but where the {100} form becomes
the most developed in the crystal. RTP:Nb,Er and RTP:Nb,Yb crystals show the same habit as RTP:Nb crystals. A
noncentric growth system, formed by a stirrer immersed in the growth solution, was used in the crystal growth
process to minimize the difference in dimension between the a, b, and c directions in the crystals. We made preliminary
optical characterizations of RTP:Nb, such as measuring the transparency window and the refractive indexes. The
cutoff wavelength in the UV region shifted to longer wavelengths and the birefringence of the crystals increased
when Nb was incorporated into the crystals. Finally, we studied the polarized optical absorption spectra of Er3+ and
Yb3+ in the host at 6K and at room temperature. The samples had a strong dichroism in all three polarizations,
which results in significant changes in the intensities of the peaks.

Introduction

KTiOPO4 (KTP) is the best-known member of an
important family of compounds whose relevant nonlin-
ear optical properties have made it a widely used crystal
in frequency conversion applications such as second-
harmonic generation and optical parametric oscillation.1
KTP and its many isostructural compounds constitute
a large field of research. This family of compounds is
generalized as MM′OXO4, where M may be K, Na, Rb,
Tl, or Cs and, to a lesser extend, Ag and NH4, or a
combination of two of these ions; M′ may be Ti, Ge, V,
Zr, Fe, Ga, Nb, Cr, Mn, Mg, or combinations of two of
these ions; and X may be P, As, or a combination of the
two.1 As this family has many isomorphous compounds,
we can modulate most of its properties. For example,
substituting K with Rb reduces the high ionic conduc-
tivity of KTP in more than one order of magnitude,2 or
substituting P with As shifts the transmission cutoff
edge of the crystals in the IR region to higher wave-
lengths.3

Attempts to dope KTP with rare earth elements
(RE3+) have had limited success, because of the low
distribution coefficients of these ions in the KTP host.
Co-dopants generally increased the distribution coef-
ficient of RE3+. As we have shown in a previous paper,4
completely substituting K+ with Rb+ to form RbTiOPO4
(RTP) clearly improves the distribution coefficient of
RE3+. This objective is also achieved using Nb as co-
dopant in KTP:RE3+.5 In both cases, however, the RE3+

concentration achieved was still far below those needed
for efficient fluorescence from the RE3+’s and, therefore,
for practical laser applications. Merging the effect of
these two strategies, a concentration of Er3+ of 0.65 ×

1020 atoms‚cm-3 has been obtained in a RTP:Nb crystal,6
which is on the order of the Er3+ concentration in other
efficient laser materials.

Moreover, the effect of Nb over the nonlinear optical
properties of RTP has been studied recently by our
group.6,7 The results indicate a slight enhancement of
the generating power of the second harmonic signal for
crystals grown in a solution containing around a 2-3
mol % of Nb2O5 substituting TiO2. Furthermore, this
efficiency of second harmonic generation observed in
RTP:Nb crystals is not reduced when Er3+ is present in
the crystals by the possible absorption of this ion.

In this paper, we discuss in greater detail the growth
conditions of RTP:Nb, RTP:Nb:Er, and RTP:Nb:Yb
single crystals of suitable size and quality for later
characterizations. We have included some of these
characterizations, e.g., refractive indexes measurements
of the host and optical absorption properties of Er3+ and
Yb3+ in this matrix.

Experimental Section

Crystal Growth. RTP crystallizes in the orthorhombic
system, spatial group of symmetry Pna21, and cell parameters
a ) 12.974(2) Å, b ) 6.494(3) Å, and c ) 10.564(6) Å, Z ) 8.8
RTP melts incongruently in air around 1443 K,9 so they cannot
be obtained directly from the melt. RTP has traditionally been
grown by high-temperature flux methods. In this study, we
used the TSSG (top-seeded-solution growth) method in com-
bination with a slow-cooling process.

We grew single crystals of RTP, RTP:Nb, RTP:Nb:Er, and
RTP:Nb:Yb of suitable size and quality for optical investiga-
tion. The experiments were carried out in a vertical cylindrical
furnace constructed by ourselves using Kanthal AF resistance
heating wire of 1 mm in diameter, rolled on a 50 cm in length
alumina cylinder of 9 cm in diameter. The furnace had a single
zone with a useful thermic area of 30 cm in length and 7.5 cm
in diameter. All this system was insulated thermically by
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thermal wool and an external cover of steel. A schematic view
of this furnace can be seen in Figure 1. The furnace was
controlled by a Eurotherm 818P controller/programmer. The
solutions were prepared by mixing the appropriate amounts
of Rb2CO3 (99%), NH4H2PO4 (99%), TiO2 (99.9%), Nb2O5

(99.9%), Er2O3 (99.99%), and Yb2O3 (99.99%), which we used
as starting materials, to obtain the compositions listed in Table
1. We used cylindrical platinum crucibles of 125 cm3, 6.5 cm
in height, and 5.0 cm in diameter, filled with solutions
weighing about 160 g. The axial gradient of temperature in
the solution was of 1.3 K‚cm-1 at the first centimeter and 0.8
K‚cm-1 at the next 1.5 cm, being hotter on the bottom than
on the surface of the solution. The radial gradient was
constant, and its value was 1.8 K‚cm-1. Then, the zone where
crystals were grown have a low-temperature gradient. The

temperature was kept at 50-100 K above the expected
saturation temperature for 3-5 h to homogenize the solution.
RTP crystals were grown on RTP seeds, whereas the rest of
the crystals were grown on RTP:Nb seeds. Both RTP and RTP:
Nb seeds were oriented with the c crystallographic direction
normal to the surface of the solution and fixed to a growth
device comprising a stirrer immersed in the growth solution
and two seeds symmetrically distributed about 1.5 cm from
the rotation axis and at 2 cm from the platinum turbine, that
acts as stirrer, in contact with the surface of the solution (see
our previous study6). This system increases the stirring of the
solution and favors mass transport conditions. The a crystal-
lographic direction of the seeds was always placed in the radial
direction of the rotation movement. The saturation tempera-
ture was determined by observing the dissolution or growth

Figure 1. Schematic view of the crystal growth furnace used in this work.

Table 1. Growth Data Associated with Nb Doped and Nb, Er, or Nb, Yb Codoped RTP Single Crystalsa

A B C D E F G H I J K

42.9-35.1-22-0-0-0 c 1180 3 K/0.1 K‚h-1 10.0 × 9.0 × 10.0 1.183 RbTiOPO4
7 K/0.05 K‚h-1 5.3 × 5.5 × 7.5 0.278

Nb 42.9-35.1-21.6-0.4-0-0 c 1195 3 K/0.1 K‚h-1 2.7 × 7.3 × 4.5 0.200 0.56 RbTi0.98Nb0.02OPO4
10 K/0.05 K‚h-1 3.3 × 7.4 × 6.1 0.294

Nb 42.9-35.1-20.7-1.3-0-0 c 1199 3 K/0.1 K‚h-1 3.2 × 5.8 × 5.5 0.184 0.49 RbTi0.94Nb0.06OPO4
10 K/0.05 K‚h-1 3.6 × 5.4 × 5.4 0.184

Nb,Er 42.9-35.1-20.9-0.7-0.4-0 c 1173 12 K/0.1 K‚h-1 2.1 × 5.5 × 5.2 0.147 0.57 0.04 RbTi0.966Nb0.032Er0.002OPO4
2.2 × 5.0 × 4.5 0.113

Nb,Yb 42.9-35.1-20.2-1.3-0-0.4 c 1186 5 K/0.1 K‚h-1 3.6 × 6.3 × 6.6 0.253 0.63 0.35 RbTi0.91Nb0.08Yb0.01OPO4
5 K/0.05 K‚h-1 1.6 × 5.0 × 4.3 0.071
5 K/0.02 K‚h-1

a A: doping ions. B: solution composition (Rb2O-P2O5-TiO2-Nb2O5-Er2O3-Yb2O3). C: seed crystallographic orientation. D: saturation
temperature (K). E: cooling program: decreased temperature interval/rate of decreasing of temperature. F: crystal dimensions in a, b,
and c crystallographic directions, respectively (mm3). G: crystal weight (g). H: KNb. I: KEr. J: KYb. K: stoichiometry.
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of the two seeds in contact with the surface of the solution.
The growth process was carried out by decreasing the tem-
perature of the conditions outlined in Table 1. The velocity of
rotation was constant in all experiments (65 rpm). When the
thermal ramp of growth was finished, we removed the crystals
slowly from the solution to minimize thermal stress and
decreased the temperature of the furnace to room temperature
at a rate of 15 K‚h-1.

Dopant Concentrations. The dopant concentration in the
crystals was measured by electron probe microanalysis (EPMA).
A Cameca CAMEBAX SX-50 was used in wavelength disper-
sive mode operating at 25 kV accelerating voltage and 30 nA
beam current for Nb and 100 nA for Er. A pure RTP crystal,
grown by ourselves, was used as a standard for Rb, Ti, P, and
O. This crystal was used as a standard to minimize the matrix
effects in the samples because of its similar chemical composi-
tion. LiNbO3, provided by C. M. Taylor, was used as a standard
for Nb; REE1, a synthetic glass with a base of Si-Al-Ca and
an Er concentration of 4.09% in weight manufactured by P&H
Developments, was used for Er; and YbF3, developed by Micro-
Analysis Consultants Ltd., was used for Yb.

Optical Characterization. Refractive indexes were mea-
sured in RbTiOPO4 and RbTi0.94Nb0.06OPO4 crystals by the
minimum deviation angle using prisms at 1.064 and 0.532
µm.10 The refractive indexes were measured with a BMI SAGA
seeded Nd:YAG laser.

Transmission and absorption studies were made on RTP and
RTP:Nb crystals with a Varian Cary 500 Scan spectrophotom-
eter in the 300-3000 nm region, and with an FTIR Midac
Prospect spectrophotometer in the 3000-10000 nm region. The
optical absorption bands of Er and Yb in this matrix were
studied at room temperature and 6 K using a Leybold close
circuit cryostat. The measurements were made by polarizing
the incident beam parallel to each crystallographic axis in the
sample.

Results and Discussion

Crystal Growth. Table 1 shows the crystal growth
conditions and the results of the experiments made.
There were some differences in the results with growth
experiments of RTP:Nb crystals with respect to pure
RTP crystals. RTP and RTP:Nb crystals grew with the
{100}, {201}, {201h}, {110}, {011}, and {011h} forms, but
RTP:Nb crystals have the {100} more developed show-
ing a thin plate habit (Figure 2).

It is well-known that changes in morphology of
crystals grown in doped solutions can be caused by
poisoning of the growth sites on the crystal by the
attachment of the dopant species. In fact, we have
observed that the presence of Nb2O5 in the solution,
even at low concentrations, affects the morphology of
the crystals.

However, we have observed that by improving the
mass transport conditions in the solution, the crystals
grew with higher quality and the differences of dimen-
sion between the a, b, and c directions decreases. In
highly viscous solutions, as is the case of the growth
solution of RTP crystals, the drop in temperature leads
to a high level of supersaturation in some areas of
unstirred growth solutions. In these areas, crystals grow
quickly, overall in the direction with a higher velocity
of growth. Stirring the solution improves the mass
transport efficiency and minimize problems associated
with nonhomogeneous supersaturation. Stirring the
solution also resulted in a decrease in the occurrence of
spontaneous nucleation during the growth process.

Another problem associated with the increase of
concentration of Nb2O5 in the solution were cracks
appearing from the crystal seed. This problem could be

associated with the mismatch between the cell param-
eters of RTP and these ones of RTP:Nb. In growth
experiments of KTP:Nb crystals, a similar problem was
observed,11 but using KTP:Nb seeds solves this problem
to a large extent. From our comparative studies with
RTP and RTP:Nb seeds, we have concluded that the
cracks in the crystal appeared less often with RTP:Nb
seeds than with RTP seeds, but at this stage they could
not be fully avoided.

Our results indicate that the presence of Nb2O5 in the
solution strongly influences the growth of RTP crystals.
A more detailed study of the positions of Nb in the
crystal lattice is required to better understand the
changes in the growth mechanisms.

The saturation temperature of these crystals in-
creases as the concentration of Nb2O5 increases in the
growth solution. But this saturation temperature de-
creases when the rare earth ions are present in the
solution. When the concentration of Nb2O5 in the
solution increases, the weight of the crystals decreases,
using the same growth conditions, due to a decreasing
of the rate of growth. Our results seem to indicate that
the velocity of growth in the b and c directions in RTP:
Nb, RTP:Nb:Er, and RTP:Nb:Yb crystals become simi-
lar, as can be seen in Table 1.

Figure 2. (a) RbTiOPO4 and (b) RbTi0.94Nb0.06OPO4 crystals
grown in c oriented seeds.
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Dopant Concentration. The concentrations of Nb,
Er, and Yb in these samples where analyzed by EPMA.
The most significant result obtained was that the
concentration of Er in RTP:Nb crystals was 13 times
higher than that previously obtained in RTP:Er crys-
tals.4 The concentration of Er achieved in RTP:Nb:Er
crystals was [Er3+] ) 0.65 × 1020 ions‚cm-3, whereas
in RTP:Er crystals the concentration achieved was
[Er3+] ) 0.05 × 1020 ions‚cm-3.

The distribution coefficients of Nb, Er, and Yb were
calculated from their concentration in the crystals and
in the solution, according to the expression, Kx ) {[X]/
([Ti] + [Nb] + [RE])}crystal/{[X]/([Ti] + [Nb] + [RE])}solution
where X ) Nb, Er, or Yb, and RE ) Er or Yb. The
distribution coefficients of Nb and Er or Yb for each
crystal experiment are shown in Table 1.

When we increased the concentration of Nb in the
solution, the distribution coefficient of Nb in the crystal
decreases. This effect could be easily explained in terms
of the saturation effect of dopant in the crystal.

The distribution coefficients of Nb in these samples
were clearly greater than those of the rare earth ions.
To explain this behavior, we suppose that Nb in RTP
crystals substitutes Ti in the crystal lattice, as it was
observed in KTP.12 The ionic radius of Nb5+ in an
octahedrical environment is 0.680 Å, which is much
closer to that of Ti4+ (0.670 Å) than it is the ionic radii
of Er3+ (0.890 Å) or Yb3+ (0.868 Å).13

Refractive Indexes Measurements. Accurate mea-
surements of the refractive indexes of a nonlinear
optical material are needed to accurately predict the
expected phase-matching angle and the angular and
spectral bandwidth acceptances. Table 2 shows the
values of the principal refractive indexes of RbTiOPO4
and RbTi0.94Nb0.06OPO4 at 0.532 and 1.064 µm. As we
can see, the refractive indexes of RTP:Nb were signifi-
cantly different from those of pure RTP. Whereas nx
practically did not change, ny and nz increased substan-
tially. This implies an increase in birefringence as with
KTP:Nb crystals.14

Optical Absorption of RTP:Nb. We studied the
optical transmission window and optical absorption
properties of RTP and RTP:Nb. Figure 3 shows the
optical transmission spectra of an RbTi0.94Nb0.06OPO4
crystal. We found changes in the cutoff wavelength in
the UV region when Nb was present in the crystals. The
cutoff wavelength in this region shifted significantly to
longer wavelengths, e.g., from 342 to 350 nm in spectra
taken with polarized light parallel to the c crystal-
lographic direction in RTP and RTP:Nb crystals, re-
spectively. The cutoff wavelength was defined by its
value when the absorption coefficient (R) decays by e.
This shifting was clearer when we studied R rather than
the transmission: R decreased more gently in the
sample with Nb at wavelengths shorter than 400 nm

(see Figure 3), but at longer wavelengths, was similar
for RTP and RTP:Nb crystals.

Optical Absorption of RE Ions. Er3+ and Yb3+

doping has been extensively studied in many matrixes
to obtain laser radiation around 1.5 µm15 and 1 µm,16-18

respectively.
There is interest in Er3+ for applications in optical

communications at long distances. This is because of its
efficient emission near the region of optical losses in
silica fibers (1.5 µm) attributed to the 4I13/2 f 4I15/2
transition.19,20 In medicine, one interesting application
is the 4I11/2 f 4I13/2 transition, which emits around 2.8
µm.20

The optical absorption of Er3+ in single crystals is
characterized by 2S+1LJ multiplets, whose degeneracy
is partially lifted by the crystal field that produces Stark
sublevels. Figure 4 shows the polarized absorption
spectra of Er3+ in an RTP:Nb crystal at room temper-
ature and 6 K. The erbium concentration of this crystal
was 0.65 × 1020 ions‚cm-3. The crystal was previously
annealed at 773 K for 3 h to prevent the appearance of
broad absorption bands similar to that observed in
reduced KTP samples21 and in KTP:W samples.22 Al-
though we have not made any specific studies to identify
the origin of these absorption bands, we can assume that
are caused by redox processes by analogy of these bands
observed in KTP.21,22 The residual background was
analytically evaluated in the side region of each mul-
tiplet and discounted from the spectra measured. In
these RTP:Nb:Er crystals, eleven multiplets, namely,
4G9/2, 4G11/2, 2H9/2, 4F3/2, 4F5/2, 4F7/2, 2H11/2, 4S3/2, 4F9/2,
4I11/2, and 4I13/2 were clearly resolved. The 2K15/2 and 4I9/2
manifolds, were identified but could not be resolved
because of their low intensity. The manifolds presented
in these figures were the most representative ones in
the matrix. The 4I13/2 manifold had an important mag-
netic dipole component, whereas 2H11/2 was due to pure
electric dipole transitions. The intensities of these
spectra were higher than the intensities of the spectra
of RTP:Er crystals,4 which shows that the concentration
of Er3+ was higher when Nb was used as codopant.
Another important aspect is the strong dichroism of this
sample. The intensities of the spectra collected with the
incident polarized light parallel to the c direction were,
generally, slightly higher than in the spectra collected
using incident polarized light parallel to the b direction.
However, the absorption coefficient generally dropped
considerably in spectra collected with incident polarized
light parallel to the a direction. In the 2H11/2 manifold,
this behavior was not followed at room temperature, and
some of the most intense peaks of this manifold,
collected using incident polarized light parallel to the b
direction, exceeded in intensity the corresponding ones
collected with incident polarized light parallel to the c
direction. The 4I13/2 manifold had another different
behavior: the intensities of all the peaks in the three
polarization studies at 6 K were so similar that it was
difficult to distinguish one from the other.

Yb3+ has only two optically accessible 4f electronic
states: the 2F7/2 ground state, and the 2F5/2 excited state.
The difference in energy is around 10 000 cm-1, and the
states are split by the crystal field. This energy fits the
emission from diode and quantum-well lasers quite well.
The ytterbium-doped lasers are also characterized by a

Table 2. Principal Refractive Indexes of RbTiOPO4 and
RbTi0.94Nb0.06OPO4 Crystals Determined in This Work

RbTiOPO4 RbTi0.94Nb0.06OPO4

0.532 µm nx 1.8128 1.8187
ny 1.8215 1.8554
nz 1.9195 1.9422

1.064 µm nx 1.7712 1.7772
ny 1.7775 1.8067
nz 1.8580 1.8727
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substantial long radiative lifetime, which improves
pumping efficiency. The reduced quantum defect be-
tween absorption and emission also reduces the heat
generated in the laser crystal, which increases the
efficiency of the laser and improves prospects for power
scaling.23

We also studied the optical absorption spectra of Yb3+

in this matrix at room temperature in the three polar-
izations (incident polarized light parallel to the a, b, and
c axes), as can be seen in Figure 5. The only contribution

from Yb3+ was in the 800-1100 nm range; this was
attributed to the 2F5/2 manifold. Again, a strong dichro-
ism was observed, but this was different from the
dichroism with Er3+. Although the three peaks in this
manifold were observed in the three polarized spectra,
the intensities of these peaks depended on the polariza-
tion. Figure 5 shows that the intensities of the two
external peaks of the spectrum parallel to the c direction
and the intensities of the external peaks of the spectrum
parallel to the b direction were inversed. For the

Figure 3. (a) Transparency window of RbTi0.94Nb0.06OPO4 crystal and (b) evolution of the cutoff wavelength in the UV region
with the concentration of Nb.

Figure 4. Polarized optical absorption spectra of Er3+ in RTP:Nb crystal at 6 K and room temperature (RT): (a) 2H11/2 and (b)
4I13/2 manifolds.
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spectrum parallel to the c direction, the most intense
peak was around 900 nm and for the spectrum parallel
to the b direction the most intense peak was around 971
nm. The spectrum collected parallel to the a direction
was less intense than the others. Although this spec-
trum behaved like the spectrum parallel to the b
direction, the difference between the intensities of the
two external peaks of this manifold was not so great.
Finally, in all spectra, the intensity of the internal peak,
located around 952 nm, was so low that it was difficult
to identify.

Conclusions

We have successfully grown RTP:Nb:Er and RTP:Nb:
Yb crystals by the TSSG/slow-cooling technique. The
concentrations of Er and Yb in these crystals, as
determined by EPMA, were higher than in crystals
grown without Nb doping. These results agree with the
optical absorption spectra of the rare earth ions, which
are more intense than those of RTP:Er crystals. This
indicates that the rare earth concentration could be high
enough to obtain efficient luminescence from the rare
earth ion. All these results open the possibility of
obtaining a new self-doubling material. The optical
characterization of this new host shows that RTP:Nb
refractive indexes are higher than those of RTP, and
that the birefringence of the crystals is higher. Finally,
the cutoff wavelength of the transmission window in the
UV region shifted to longer wavelengths than with pure
RTP.
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