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Abstract: We study the DC conductivity in potassium titanyl phosphate (KTiOPO4, KTP) and its
isomorphs KTiOAsO4 (KTA) and Rb1%K99%TiOPO4 (RKTP) and introduce a method by which
to reduce the overall ionic conductivity in KTP by a potassium nitrate treatment. Furthermore,
we create so-called gray tracking in KTP and investigate the ionic conductivity in theses areas. A local
unintended reduction of the ionic conductivity is observed in the gray-tracked regions, which also
induce additional optical absorption in the material. We show that a thermal treatment in an oxygen-
rich atmosphere removes the gray tracking and brings the ionic conductivity as well as the optical
transmission back to the original level. These studies can help to choose the best material and
treatment for specific applications.
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1. Introduction

Potassium titanyl phosphate (KTiOPO4; KTP) is one of the most common materials
used in nonlinear optics. It was first synthesized in a molten potassium pyrophosphate and
orthophosphate flux by Ouvrard [1] in 1890. The family of KTP shows isomorphs, which
can be described by MTiOXO4, with M being, i.a., potassium (K), rubidium (Rb), or cesium
(Cs) and X being either phosphorus (P) or arsenic (As). The crystallographic structure of
the isomorphs remains the same as for KTP, which is orthorombic, and belongs, at room
temperature, to the point group mm2 and the space group Pna21 [2]. Stoichiometric KTP
cannot be grown. Regardless of the growth method, a deficit of M ions occurs in crystals
from the KTP family during the growth process. In KTP grown from the KTP/K6-flux [3,4],

3KH2PO4 + 2K2HPO4 + TiO2 → KTiOPO4 + K6P4O13 + 4H2O, (1)

high concentrations of K vacancies (500–800 ppm) have been observed [5]. These vacan-
cies can be charge-compensated by positively charged oxygen vacancies [6] and by holes
trapped at bridging oxygen ions between two titanium ions [7]. The crystallographic
structure of KTP, which is composed of TiO6 octahedral and PO4 tetrahedral structures,
permits a K+-ion diffusion along the polar c axis [8,9]. This diffusion of ions takes place
via a vacancy-hopping mechanism [10], which results in an ionic current in the material.
Because ions must migrate through a bottleneck consisting of oxygen ions, the ionic con-
ductivity is limited at low voltages. However, with an increasing external field the ionic
conductivity increases exponentially. Thus, ionic conductivity values have to be compared
at the same field strength. The ionic conductivity of KTP is a significant drawback, which
restrains its applicability for operations with DC or slowly varying electric fields, like for
periodic poling [11] or electro-optical modulation [12]. For this reason, the characterisation
of ionic conductivity and understanding how to manipulate it are of paramount importance
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to fully exploit the properties of this class of materials [13]. Several attempts to reduce
the ionic conductivity in KTP-type crystals can be found in the literature [5,14–17]. How-
ever, most investigations analyse the AC conductivity [18–20], whereas the DC conductivity
is not analysed in detail [21,22]. A reduction of the ionic conductivity can be achieved by
a reduction of the temperature. At room temperature, a typical ionic conductivity along
the polar axis of a KTP crystal is σc = 10−6 1

Ωcm . With a decrease in the crystal temperature,
the ionic conductivity is strongly reduced, e.g., to σc = 10−12 1

Ωcm at T = 170 K [15]. Fur-
thermore, a potassium treatment can enhance the stoichiometry of the crystal. An increased
stoichiometry leads to fewer K+ vacancies, which reduces the hopping conductivity.

In the optical domain, an important phenomenon that hampers the usage of KTP
crystals in high optical power applications, e.g., in laser cavities or waveguide structures, is
the appearance of gray tracking in the crystal itself [23]. Gray tracking is fatigue damage
caused by crystal defects, characterized by their colored appearance, commonly referred
to as darkening. It impairs the linear and nonlinear properties of the crystal through
optical power loss and is associated with high optical absorption, which is particularly
detrimental for optical applications requiring high efficiencies. This can lead to catastrophic
damage in high-power experiments and even to the destruction of the crystal itself [23].
Several experiments have been conducted to investigate and understand the origin of
gray tracking [7,24–26]. However, an exact description of the physical mechanism behind
gray tracking is still an open question [27–29]. In 1992, Loiacono et al. [25] observed
gray tracking in samples illuminated by monochromatic light at a 530 nm wavelength.
This wavelength corresponds to an absorption wavelength in Ti3+ centers. Therefore, they
speculated a reduction process from Ti4+ to Ti3+ as the origin of the increased absorption
in the material. Already in 1989, Roelofs could detect Ti3+ in gray-tracked samples [7],
which were caused by the application of external electric fields, commonly used for periodic
poling in nonlinear optical applications.

In this paper, we analyse variously doped members of the KTP family, namely potas-
sium titanyl arsenide (KTA), potassium titanyl phosphate (KTP), and rubidium-doped KTP
(RKTP), where the KTP crystals contain between 1.0% and 1.5% of rubidium, and compare
the ionic conductivity at different electric field strengths. We show that our approach
reduces the overall ionic conductivity in KTP by treatment with potassium nitrate and
show that the conductivity can be reduced by one order of magnitude. Following these ex-
periments, we investigate the influence of gray tracking on the ionic conductivity and show
that, in addition to the optical transmission, the conductivity is also reduced in gray-tracked
areas. Both effects, the reduced conductivity and the reduced transmission, can be brought
back to the original value before gray tracking by thermal treatment, which is critical for
the fabrication and operation of optical devices. The appearance of gray tracking has to
be prevented during operation, which can be assisted by an optimised fabrication process,
e.g., by reducing the ionic conductivity using our introduced method. These studies can
help to choose the best material and treatment for specific applications, e.g., to reduce
gray-tracking effects during periodic poling in quasi-phase-matched applications or for
devices using high optical-power densities.

2. Experimental Methods

Several samples of KTP, KTA, and RKTP single crystals with electrodes coated on the +c
and −c side were used for the measurements described below. We used samples with
dimensions of 6–6–1 mm3 along the crystallographic a, b, and c axes, cut from commercially
available flux-grown wafers. Gold–palladium (AuPd) was sputtered to make electrodes
used for electrical contact in the center of the samples. To measure the average ionic con-
ductivity of the material, we contacted the samples by using a liquid electrode (mixture of
water and KNO3) and the AuPd electrode on the −c side and on the +c side of the sample
only of the AuPd electrode. We used a high-voltage amplifier (Trek 2020C) to generate
high-voltage pulses. The voltage was applied in the same direction as the spontaneous
polarisation to prevent an additional component induced by domain inversion. The con-
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ductivity increases nonlinearly with an increasing electric field strength. We increased
the voltage with a linear ramp of DC voltage from zero to the maximum applied voltages
within 1 ms. The maximum voltage depends on the material (see Figure 1), and is chosen
close to the coercive field strength of each material.
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Figure 1. Measured ionic conductivities for KTA, KTP, and RKTP.

Because KTP is one of the most common materials in nonlinear optics, we investi-
gated this material in more detail. We introduced a potassium treatment to reduce and
homogenize the ionic conductivity of the material. We immersed the wafer in pure KNO3
for 24 h at a temperature of 375 ◦C. During this process, the wafers were also annealed
at a high temperature. This treatment aims to homogenize and redistribute potassium
ions inside the crystal, ideally reducing the density of K vacancies and thus reducing
the ionic conductivity. For our gray-tracking experiments, we first had to create gray-
tracking areas in the samples. We applied high-voltage pulses along the crystallographic
c axis to an undoped KTP sample by using the high-voltage amplifier. An electric field
above 3 kV

mm is sufficient to introduce gray tracks. We used the Trek (2020C) to analyse
the ionic conductivity in such gray-tracked samples in the same electrical setup as before,
but we measured smaller areas allowing for spatially resolved measurements. For this,
we removed the AuPd metal electrodes on the −c side and contacted the samples by using
a metal stamp with a diameter of 0.5 mm2. We measured the conductivity on different
positions with a distance of 0.5 mm along the a and b direction. Afterward, the gray tracking
was reversed by annealing in an oxygen-rich atmosphere [30]. Thermal annealing in pure
oxygen can recover gray-tracked samples or even increase the transmittance of as-grown
KTP [30]. Therefore, we analysed the optical transmission by using a spectrometer (Agilent,
Cary UV–VIS–NIR 6000, Santa Clara, CA, USA) and the ionic conductivity in gray-tracked
and annealed samples.

3. Results
3.1. Reducing the Ionic Conductivity in KTP

We characterized 1 mm thick KTP, KTA, and RKTP by monitoring the ionic current
as a function of the applied voltage as shown in Figure 1. In order to compare different values
and materials, we measure at the same field strength. We choose 2 kV

mm in our experiments.
KTP shows an ionic conductivity of 44 µS · cm−1 (see dark blue line in Figure 1). In total,

we measured ten KTP wafers, which showed an average conductivity of 36 ± 11 µS · cm−1.
A small amount of Rb doping in KTP (red line) lowers the ionic conductivity to 2 µS · cm−1.
The ion mobility highly depends on the ion species [31–33], which makes the movement
of the K ions easier compared to Rb ions. If a chain is already blocked by one Rb atom,
the migration of K ions along the c axis is also hindered. Therefore, the overall ionic
conductivity is reduced. In RTP crystals, there is no K present, and the Rb ions occupy
all M sites. However, the ion conductivity here is not significantly lower compared to
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RKTP, because the chains relevant for the vacancy-migration mechanisms are already
blocked in the latter [14]. In contrast to that, the measurement shows that KTA (orange
line) exhibits the highest ionic conductivity of 658 µS · cm−1. Pure KTP (blue line) shows
a six-times lower ionic conductivity. We attribute this to non-perfect crystal compositions
and impurities in KTA, which lead to a higher concentration of potassium vacancies [25].
A lower amount of K-ion vacancies suggests a possible way to reduce ionic conductivity,
which is explored by a potassium treatment.

We compared KTP wafer from two different vendors, Roditi and Bright Crystals
Technology (BCT). Figure 2 shows the average conductivity of a wafer from Roditi and
BCT for as-grown, thermally treated (annealed) and potassium-treated wafers.

wafer treatment0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

co
nd

uc
tiv

ity
 [µ

S/
cm

]

roditi as-grown
roditi annealed
roditi K-treated
bct as-grown
bct annealed
bct K-treated

Figure 2. Comparison of ionic conductivities in different KTP wafers for as-grown, annealed and
K-treated wafer.

First, we measured the ionic conductivity in one wafer from each company at 500 V
mm

before any treatment. A thermal annealing, which could homogenize the ionic conductivity
distribution of the wafer, does not result in a lower conductivity (compare to Figure 2).
After that, we applied the K treatment on the same wafers. In the case of KTP material
from Roditi, it is possible to reduce the ionic conductivity by one order of magnitude.
The wafer from Roditi shows one order of magnitude higher conductivity in comparison to
the wafer from BCT, as shown in Figure 2. It is worth noting that the wafers were grown
at a distance of three years, so the fabrication technique might have improved, resulting
in a lower conductivity. Even after a potassium treatment of the material from Roditi,
the ionic conductivity is higher than of the initial BCT material. We could not observe
an effect on the homogeneity or the absolute number of the conductivity after an annealing
or a potassium treatment of BCT material (compare Figure 2). We conclude, no additional
pre-treatment step is necessary in the BCT wafer.

3.2. Ionic Conductivity in Gray-Tracked Areas

For our experiments in gray-tracked samples, we applied 30 high-voltage pulses along
the crystallographic c axis to an undoped KTP sample from BCT, which results in gray-
tracking areas. We took microscope images of the samples and show them for different
annealing steps in Figure 3.

An image of the y surface was recorded in transmitted light so that the gray-tracking
growth direction can be examined. An electric field above 3 kV

mm introduces gray tracks
starting from the −c side and growing deep into the crystal to the opposite electrode.
The gray tracks look like needles that grow into the crystal (compare Figure 3a).

We have characterized the optical absorption in the gray-tracked sample by a trans-
mission measurement and compared the transmission of an as-grown, gray-tracked region,
for 120 h at 200 ◦C annealed and for 12 h at 300 ◦C annealed sample. The corresponding
measurements of the sample at the specific process step can be found in Figure 4. We mea-
sured the absolute transmission along the c axis of unpolarized light in the wavelength
range between 350 nm and 700 nm. The transmission is not corrected for Fresnel reflections
at the two surfaces.
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Figure 3. Microscope images of gray-tracked KTP samples for different annealing steps. The sample
is shown in the white dashed box. We illuminated the sample with a green light source from the back
side of the sample. In (a), we show the gray-tracked sample before annealing, in (b) the annealed
sample after 80 h at 200 ◦C and in (c) the sample, annealed for 12 h at 300 ◦C.

To characterize the electrical properties of the gray-tracked region, we measured
the ionic conductivity of the material in different positions inside the gray-tracked area. To
this aim, we used a small electrode with a diameter of 0.5 mm, which allows for a scanning
of different position on the sample. In Figure 5a, the local ionic conductivity is shown. In
gray-track areas, the ionic conductivity is clearly reduced. The schematic sketch on the right-
hand side of Figure 5a indicates the gray-tracked area on the KTP sample. The horizontal
black lines show the lines on which we measured the conductivity.
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Figure 4. Comparison of the optical transmission of an as-grown sample (red line), gray-tracked
sample (dark blue line), for 120 h at 200 ◦C annealed sample (orange line) and for 12 h at 300 ◦C
annealed sample (green line).

We interpret the origin of the reduced ionic conductivity by the oxygen ions to be
generated by the gray tracking [26]. The oxygen ions move along the crystal c axis to
the surface and block the movement of K ions through the one-dimensional channels
and reducing the ionic conductivity as a result. The mechanism is not fully understood,
as discussed in the introduction of this paper.

To study the reversibility of gray tracking, we annealed the gray-tracked sample in an
oven with an oxygen-enriched atmosphere over 120 h at 200 ◦C. This had only a small
effect on the gray tracking. The effect of 80 h annealing can be seen in Figure 3b and after
120 h in the transmission measurement in Figure 4 (orange line). An annealing at 300 ◦C
in an oxygen-enriched atmosphere for 12 h removed the gray tracking and the sample
is transparent again (see Figure 3c). After annealing, the ionic conductivity increases
(see Figure 5b) to values comparable to non-gray-tracked areas (see red areas in Figure 5a).
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Figure 5. Comparison of the ionic conductivity between (a) gray-tracked and (b) annealed samples.

The gray-tracked areas show a reduced ionic conductivity, which can be reversed by
a thermal annealing step in an enriched oxygen atmosphere at 300 ◦C for 12 h. In RKTP,
it was not possible to create gray-tracked samples by applying high-voltage pulses to
the sample. We assume this behaviour is induced by the already-reduced ionic conductivity
of the rubidium doping. Because the gray tracking occurs through high-voltage pulses, one
has to be cautious that this phenomenon can occur during high-voltage operations, e.g.,
in optical modulators or periodic poling [11].

4. Conclusions

In this work, we investigated the DC ionic conductivity of different members of
the KTP family. We showed that it is possible to reduce the overall ionic conductivity
in KTP crystals by a potassium treatment in a KNO3 melt. Independent of the K treat-
ment, we assume the crystal quality improved over the years, resulting in a lower ionic
conductivity. Furthermore, we induced gray tracking in KTP samples by applying several
high-voltage pulses and analysed the ionic conductivity in the gray-tracked regions. We
showed that a thermal treatment in oxygen-rich atmosphere at 300 ◦C removes the gray
tracking and brings the ionic conductivity back to the original level. We thus suggest that
gray tracking is a relevant parameter linked to the ionic conductivity of the material. The be-
haviour of gray tracking linked to ionic conductivity is strongly supported by so-called
gray track-resistant KTP, which contains a small amount of Rb and shows a drastically
reduced ionic conductivity and, at the same time, much lower appearance of gray tracking.
Although the link between ionic conductivity and gray tracking is strongly supported by
our investigations, we have no direct evidence for it at the moment. To face this issue,
further investigations are necessary, such as a systematic comparison of potassium-vacancy-
density investigations and theoretical modelling of the ionic conductivity and gray-tracking
link. Beyond this paper, these studies can help to choose the best material and treatment
for specific applications.
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