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 Interest has increased in developing compact green laser sources for high-density 

optical data storage and display applications, such as colour projection, laser printing, medicine, 

biofluorescence, underwater communications, stereo lithography and photodynamic therapy[1] 

since the promising investigations into wide-gap diode lasers,[2,3] harmonic generation by phase 

matching in nonlinear crystals,[4] quasi-phasematching in bulk,[5] optical fibres and other 

waveguides,[6] and upconversion lasers in crystals[7] and fibres.[8] Using non linear optical 

processes such as frequency doubling in laser materials is very promising for the realization of 

these compact all-solid-state laser sources, but so far only a few non linear crystals doped with 

Nd3+ have been used to do this:[1] LiNbO3 (LNB),  LaBGeO5, Ba2NaNb5O15, β-Gd2(MoO4)3, 

YAl3(BO3)4 (YAB), CaY4O(BO3)3 (YCOB) and CaGd4O(BO3)3.  

 More recently, Yb3+ also appeared as a promising ion in the same range of emission 

wavelength and several highly efficient Yb-lasing in self-frequency doubling materials have 

been reported in YAB, LNB and YCOB. [1] This is due to a very simple energy level scheme of 

Yb3+ which is made up of only two levels: the 2F7/2 ground state and the 2F5/2 excited state. 

Moreover, there is no excited state absorption to reduce the effective laser cross-section, no up-

conversion, no concentration quenching and no absorption in the green. Finally, the intense 

Yb3+ absorption lines are well suited for laser diode pumping near 980 nm from high-power 
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InGaAs diode lasers and the small Stokes shift between absorption and emission reduces the 

thermal loading of the material during the laser operation. 

 Since KTiOPO4 (KTP) has been established as unique inorganic non linear crystal for 

frequency conversion applications[9-12] and as the material of choice for frequency doubling Nd-

lasers at 1 µm radiation,[9,13-15] literature reports doping of KTP with lanthanide elements using 

different techniques. [16] However, the concentration achieved in bulk crystals is limited to 5 × 

1017 - 6 × 1018 ions·cm-3, which is weak. Higher concentrations of lanthanide ions have been 

obtained by thermal diffusion of Ln2O3 layers deposited by laser ablation on KTP surfaces,[17] 

or implantation and ion beam mixing,[18,19] but damage caused to the sample, the degradation of 

its surface and the deposition of LnPO4 phases restrict the use of such techniques.  

On the other hand, substituting K+ with Rb+ in the KTP structure lead to similar non 

linear properties for RbTiOPO4 (RTP). Moreover, using Nb5+ as codopant in RTP seems to be a 

good way to obtain a high enough concentration of Ln3+ to produce an efficient laser emission. 

[20,21] 

 In this communication, we report for the first time the crystal growth of RbTiOPO4 

doped with (Nb,Yb). We have performed the spectroscopic characterization: we show 

absorption and emission spectra and second harmonic generation measurements. The results 

predict a favourable disposition for the use of Yb-doped RTP crystals as self-frequency 

doubling laser materials. 

We obtained single crystals of high optical quality with a concentration of Yb3+ of 1.96 

× 1020 ions·cm-3, emitting at around 1µm. Like KTP and isomorphs, this material crystallizes in 

the orthorhombic system, with the space group of symmetry Pna21. Figure 1 shows a single 

crystal of RbTi0.935Nb0.043Yb0.022OPO4 (RTP:(Nb,Yb)) grown by the top-seeded solution growth 

(TSSG) and a schematic view of its morphology. 

 Electron probe microanalysis (EPMA) reports that the concentration of Yb3+ is the 

highest ever obtained in a bulk crystal of the KTP family. Figure 2 shows the homogeneity of 

distribution of Nb and Yb along two of the three different crystallographic directions. The 

concentration of doping ions decreases the closer we are to the crystal seed, because their 

distribution coefficients are less than one. Then, during the growth process, the solution 

becomes richer in these ions and their incorporation into the crystal increases. However, there 

were no substantial differences in the absorption and emission spectra of Yb3+ taken at different 

parts of the crystal. Nb5+ and Yb3+ in these crystals are expected to substitute Ti4+ in the 

structure, as with RTP:(Nb,Er) crystals.[23,24] The smaller ionic radius of Yb3+ with respect to 
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Er3+ in an octahedrical environment,[25]  which is closer to that of Ti4+, reinforces this 

assumption. 

The absorption and emission spectra around 1 µm of the RTP:(Nb,Yb) crystal are 

shown in Figures 3 and 4. The absorption spectra were recorded with the electrical field of the 

incident light parallel to the a, b and c-axis, and were compared with Raman spectra to 

distinguish the vibronic and electronic contributions. The three expected peaks, corresponding 

to the splitting of the 2F5/2 multiplet, were found around 903, 955 and 972 nm. The absorption 

peaks at 903 and 972 nm were the strongest. The absorption spectra show a large splitting of the 
2F5/2 sublevels of about 70 nm, which is one of the largest crystal field, comparable with Yb-

doped fluoroapathites.[26] This large splitting indicates that a broadband fluorescence can be 

obtained, which is interesting for tunability and subpicosecond-pulse generation applications in 

the visible and in the infrared domains. The value of the absorption cross section (σa) depended 

strongly on the polarization of the incident light as it is shown in Figure 3. This means that the 

number and positions of the absorption peaks are independent of the polarization but that the 

intensity of a gien peal can depend on the polarization. We found that the two external peaks 

invert their intensity in the spectra parallel to the b- and c-axes and that the spectrum collected 

parallel to the a-axis is less intense than the other ones. The emission spectra shown in Figure 4 

were obtained by exciting the sample at 972 nm, and were recorded with the electrical field of 

the emitted light parallel to the a-, b- and c-axes. These spectra show the typical emission of 

Yb3+ at around 1 µm wavelength and confirm the broadband fluorescence expected from the 

large splitting of the absorption spectra, which is very important for population inversion in the 

laser emission process. The peaks in the measured spectrum correspond to the emission from 

the excited 2F5/2 manifold to the four sublevels of the ground state manifold 2F7/2 located at 972, 

1025, 1051 and 1071 nm. The intensities of the spectra again depended on the polarization of 

the emitted signal in this order: c > b > a. 

 We used the Früchbauer-Ladenburg method to calculate the Yb3+ emission cross 

sections σa,b,c in polarization parallel to a-, b- and c- axes in the RbTi0.935Nb0.043Yb0.022OPO4 

crystal, leading to the following expression: 
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where λ is the wavelength, Ia,b,c is the a-, b-, c-polarized emission spectrum, n is the refractive 

index, c is the vacuum speed of the light, and τf is the spontaneous fluorescence time. 

 It is important to accurately measure the excited-state lifetime as a further step to 

characterising a laser material. It is well known that radiation trapping and total internal 

reflection can strongly affect the measured lifetimes, related with the reabsorption of the initial 

emission by ions in the ground state,  followed by reemission and lengthening of the measured 

lifetime. However, these effects can be neglected in our crystals because the concentration of 

Yb3+ is not extremely high. We determined the fluorescence lifetime τf by collecting the decay 

of the luminescence intensity of the strongest peak of the luminescence spectra. The 

fluorescence decay is characterized by single exponential behaviour and has a quite long value 

of 2.2 ms. Such a long lifetime is favourable to get a high inversion of population under CW 

pumping. 

 We measured the fundamental wavelength of type II angular non critical phase-

matching (NCPM) for second harmonic generation (SHG), λNCPM, of RTP samples doped in 

different concentration with Nb and/or Yb. According to the crystallographic orientation of 

these crystals we were able to study only the x-principal axis which corresponds to the a-

crystallographic one. The relation between the involved principal refractive indices is then: 
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 The values of λNCPM are summarized in Table 1. It is not reasonable to establish a 

precise rule of λNCPM and of the principal refractive indices ny and nz with the concentration 

from these measurements. Nevertheless, it appears clearly that the increasing of Yb3+ 

concentration leads to an increasing of λNCPM, so that RbTi0.993Yb0.007OPO4 has exactly the same 

NCPM wavelength than KTiOAsO4 (KTA). [27] We also verified that all the samples studied 

exhibit a conversion efficiency of the order of that of RTP. 

 In conclusion, we have successfully grown for the first time high optical quality 

crystals of RbTiOPO4 doped with Yb3+. These crystals show a broadband fluorescence around 

1µm, which is interesting for tunability and sub-picosecond-pulse generation applications in the 

infrared. The long radiation lifetime of Yb3+ in these crystals is also favourable for achieving 

efficient power laser emission in this region. Their good non linear optical properties are close 
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to those of RTP,[28] KTP,[27] and KTA.[26]  Thus these crystals are good candidates for self-

frequency doubling applications. We are working on a future research line which can match 

with the possibility of co-dope RTP with Er3+ and Yb3+: it is of great importance in optical 

amplifiers for telecommunication Er3+ is pumped indirectly via Yb3+. 

 

Experimental 

 

Crystal growth: Briefly, single crystals of RTP:(Nb,Yb) were grown by the TSSG-

slow-cooling technique using a vertical tubular furnace controlled by a Eurotherm 902 

controller/programmer connected to a thyristor.[21]  Solutions of about 160 g were prepared by 

mixing suitable amounts of Rb2CO3, NH4H2PO4, TiO2, Nb2O5 and Yb2O3, used as initial 

reagents, in a Pt crucible of 125 cm3. These reagents were decomposed by heating them until 

the bubbling of NH3, H2O and CO2 was complete and maintaining the solution at a temperature 

of about 50-100 K above the expected saturation temperature for 3-5 h to homogenise them. 

The crystals were grown on RTP:(Nb,Yb) seeds of 5.0 × 1.5 × 5.0 mm along a × b × c 

crystallographic axes respectively. The c-axis was oriented perpendicular to the surface of the 

solution, displaced 4-5 mm from the rotation axis, and fixed in a growth device that included a 

platinum turbine to also stir the solution.[20] The a-axis of the two seeds used in every growth 

experiment was always placed in the radial direction of the rotation movement. We determined 

the saturation temperature from the growth or dissolution of the seeds in contact with the 

surface of the solution. The rotation was kept constant at 65 rpm in all experiments. When the 

growth process was complete, we slowly removed the crystals from the solution and decreased 

the temperature of the furnace to room temperature to minimise any thermal stress. 

 Measuring techniques: We analysed the concentration of dopants by EPMA operating 

in wavelength dispersive mode in a CAMECA SX-50 electron microprobe. The 

crystallographic orientation was realized by an X-ray automatic diffractometer. Optical 

absorption was performed with a Perkin-Elmer Lamda 900 Spectrophotometer. A Glan-

Thompson quartz polarizer located before the sample was used in order to eliminate the 

possible polarization induced by the optical components of the spectrophotometer and to ensure 

that we were working only with a polarized component of the incident light. Luminescence 

spectra were recorded by exciting the samples at 972 nm with a Laser Analytical Systems dye 

laser that delivered excitation pulses of 10 ns in duration and at a repetition rate of 10 Hz. This 

luminescence was analysed with an HRS2 Jovin-Yvon monochromator, with a focal length of 
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70 cm and equipped with 1 µm blazed grating, and detected by a Hamamatsu R1767 

photomultiplier. The radiative lifetime was measured with a LeCroy 9400 digital oscilloscope. 

The type II angular non critical phase-matching (NCPM) fundamental wavelengths for second 

harmonic generation (SHG) were measured by illuminating the samples with a focused tunable 

beam. The laser source was a Continuum Panther OPO pumped by a Continuum SLI-10 

YAG:Nd laser which is 10 Hz-repetition rate and 4 ns-FWHM pulse duration. This emitted 

between 410 and 2550 nm. An achromatic half-wave plate was used to adjust the polarization of 

the incident beam to ensure type II phase-matching. The wavelength of the OPO was controlled 

by a CHROMEX 250 SM scanning monochromator.  
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Figure Captions 

 
Fig. 1. Single crystal of RbTi0.93Nb0.05Yb0.02OPO4 grown by the TSSG technique and schematic 
view of its morphology. 
 
Fig. 2. Variation of the concentration of Yb3+ (upper value) and Nb5+ (lower value) in atom % 
along the b and c crystallographic directions in an internal surface of a 
RbTi0.93Nb0.05Yb0.02OPO4 crystal grown with a seed oriented with the c crystallographic 
direction normal to the surface of the solution of growth. 
 
Fig. 3. Absorption spectra of Yb3+ in the RbTi0.93Nb0.05Yb0.02OPO4 crystal, corresponding to the 
2F7/2 → 2F5/2 transitions. 
 
Fig. 4. Emission spectra of Yb3+ in the RbTi0.93Nb0.05Yb0.02OPO4 crystal, corresponding to the 
2F5/2 → 2F7/2 transitions. 
 
 
 
 
 
 
Table 1. Type II angular non critical phase-matching (NCPM) SHG fundamental wavelength, 

λNCPM, as a function of chemical composition.  

 

Sample λNCPM ± 1 nm 

RbTiOPO4 1144 

RbTi0.942Nb0.058OPO4 1101 

RbTi0.993Yb0.007OPO4 1148 

RbTi0.935Nb0.043Yb0.022OPO4 1119 
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