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ABSTRACT
Waveguide circuits are a key component for modern integrated optics and scalable quantum optics applica-

tions. In this paper we present our studies on rubidium-exchanged waveguides fabricated in periodically poled
bulk potassium titanyl phosphate (KTiOPO4 or KTP). We show that face polarity affects the diffusion mechanism
of the rubidium, thus leading to different waveguide depths depending on the exposed face polarity. Simulations
show that this effect could significantly reduce the efficiency of a process. Employing energy dispersive X-ray
spectroscopy (EDX), we analysed a set of waveguides fabricated with different production parameters. Based
on this result,

we optimised the fabrication process and were able to produce waveguides with reduced corrugations.
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1 INTRODUCTION

Highly efficient integrated frequency converters provide a compact solution to the problem of interfacing
components of a quantum network operating at different wavelengths [1]. For an efficient conversion, potassium
titanyl phosphate (KTP) offers large nonlinear optical and electro-optic coefficients [2]. A wide transparency
range from the infrared to the ultraviolet [3] as well as a large anisotropy of the domain growth [4], which
aids in the periodic poling of the material. An inversion of the spontaneous polarisation enables quasi phase
matching (QPM) [5] and opens the possibility to adress any wavelength combination in the transparancy range.
Furthermore, KTP offers large advantages in the visible wavelength regime due to a very high optical damage
resistance [6] and a low photorefraction [7]. Since it is possible to produce waveguides in KTP [8], this platform
is a perfect candidate for an integrated device [9]. For these reasons, the development of periodically poled
waveguides in potassium titanyl phosphate is of great interest.

2 DIFFUSION PROPERTIES OF WAVEGUIDES IN KTP

It is possible to fabricate waveguides in KTP by a rubidium-potassium exchange, which results in a local
exchange of rubidium in the KTP bulk material. The higher refractive index of the rubidium exchanged KTP
allows waveguiding [10]. The rubidium-potassium exchange takes place in a rubidium nitrate melt, which can
be modelled as an infinite bath. For the diffusion process in an infinite bath with an concentration-independent
diffusion coefficient D, we expect a complementary error function [11]

c(x, t) = c0 · erfc
(

x

2 · [D(T ) · t]1/2

)
, (1)

where c is the concentration of rubidium ions inside the crystal, c0 is the surface concentration of rubidium
and t is the exchange time. The point x = 0 describes the surface of the crystal, while x > 0 describes the
concentration inside the crystal. A complete knowledge of the parameters in (1) is critical for the reliable
fabrication of rubidium exchanged waveguides. The biggest unknown parameter is the diffusion coefficient D,
that depends on the melt composition and exchange temperature. One simple empirical law to describe the
evolution of the diffusion coefficient with the temperature T is the Arrhenius law [12]

D = D0 · exp
(
− EA

kB · T

)
, (2)

where kB is the Boltzmann constant. The diffusion constant D0 and the activation energy EA are empirical
values and we have to estimate them separately for each melt composition.
The best way to compare different melts is through their diffusion coefficient D. Anyway, a more practical
parameter is the waveguide penetration depth d, that can be defined as c(x, t)/c0 = erfc(1), that is [12]

d = 2 · [D(T ) · t]1/2 . (3)



Figure 1. a) Schematic illustration of a channel waveguide in a periodically poled bulk KTP sample with different diffusion coefficients
D+ 6= D−. The shaded areas in red and rose show the rubidium concentrations. b) Measured rubidium concentrations in black and fit of
the convolution of the complementary error, gaussian and heaviside function in rose. The red line shows the reconstructed concentration
profile. From the concentration profile we calculated the depth.

2.1 Corrugated waveguides

Preliminary investigations on planar waveguides have shown that the diffusion coefficients depends not only
on the melt but also on the crystallographic orientation and they are unequal D+ 6= D− for our fabrication
parameters. We can then assume that waveguides fabricated in periodically poled crystals might have different
diffusion coefficients for the poled and unpoled regions. These alternating diffusion coefficients lead to alter-
nating depths, see (3), and therefore to a corrugated waveguide in a periodically poled crystal, see Fig. 1a).
Simulations have shown that corrugated waveguides could significantly reduce the efficiency of a process.

To characterise the concentration profiles of rubidium inside the waveguide we employed an energy dispersive
X-ray spectroscopy (EDX) method. From these measurements we are able to calculate the diffusion coefficients
of each waveguide, see Fig. 1b). By varying the melt composition, exchange temperature and time we optimised
the process to fabricate waveguides with less, down to no, corrugations.

3 ANALYSIS OF PERIODICALLY POLED CHANNEL WAVEGUIDES

For the analysis and optimisation of the corrugation effect we periodically poled bulk KTP samples. Followed
by a photolithographic patterning of a titanium mask on the KTP perpendicular to the c-axis. This defines an
exchange mask with waveguide widths varying from 1.5 µm to 4.5 µm. The Rb-K exchange is performed
by immersing the sample for 60 min in a exchange melt at 330◦C. In our case, the standard melt is a
rubidium nitrate melt (RbNO3) with potassium nitrate (KNO3) and barium nitrate (Ba(NO3)2). After the
fabrication, the waveguides are characterised by measuring with EDX the concentrations of rubidium and
therefore the penetration depths of the waveguides for both face polarities. The average penetration depths for
all measurements are plotted over the waveguide width in Fig. 2a) for the −c (unpoled) and +c (poled) face. A
difference between the diffusion on the +c and -c face is evident from the plotted data. This is consistent with
the evidence reported for planar waveguides. This confirms our hypothesis that the fabrication of waveguides in
periodically poled bulk material results in corrugated waveguides. Also, a second interesting behaviour showed
up. The waveguide depth increases as its width decreases. This is not expected in a simple 1D diffusion model
and thus might indicate that a more complex diffusion dynamics has to be considered for small waveguides.
To avoid the corrugation effect we optimised our exchange melt and exchange parameters. With an optimised
rubidium nitrate melt with higher potassium content and an exchange temperature of 366.5 ◦C we were able to
reduce the corrugation effect [13], see Fig. 2b). Comparing the previously fabricated waveguides in the standard
melt with our optimised melt, we could reduce the impact of different penetration depths depending on the
poled and unpoled regions from roughly 2.2 µm to 0.9 µm. We expect that further optimisations can be made
to improve the waveguides. Beside the strong reduction of the corrugation, these waveguides are also single
mode for 1550 nm.

4 CONCLUSION

In conclusion, we could show that the fabrication of waveguides is affected by the polarity of the face on
which they are produced in periodically poled bulk KTP. With an optimised melt and fabrication parameters
we could reduce the difference between the penetration depth from roughly 2.2 µm for our standard process to
0.9 µm for our optimised process. So we are able to produce less corrugated waveguides in periodically poled
KTP material.



Figure 2. Waveguide depth depending on the waveguide width and poled, unpoled regions of a sample produced in the previous melt a)
and optimised melt b). The error of the waveguide depth is ±0.4 µm.
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