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Abstract: A Cr**-doped TiTe3Og crystal with dimensions up to 21 mm x 21 mm x 11 mm was
grown successfully by the top-seeded solution growth method. A high-resolution X-ray diffraction
experiment showed that the full width at half-maximum of the rocking curve was 41.90”. Energy-
dispersive spectrometry (EDS) and X-ray fluorescence spectroscopy (XRF) proved that Cr** ions have
been doped into the TiTe3Og crystal with molar percentage of 4.9%. The Cr:TiTe3Og crystal exhibited
an absorption range from 995 to 1565 nm, which is suitable for passive Q switch at 1064 nm. Then, a
passive Q-switching solid-state laser operating at 1064 nm was realized using a Cr:TiTe3Og crystal as
the saturable absorber. The maximum laser pulse energy is calculated to be 0.7 pJ, and the maximum
peak power reaches 0.7 W.
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1. Introduction

Solid-state lasers have been widely used in the scientific research, medical treatment
and military fields [1-5]. In order to obtain high energy outputs, the time domain modu-
lation in laser operations is a kind of laser technology with much importance. Different
from the acousto-optic and electro-optic Q-switching, passive Q-switching with saturable
absorbers is a simple and economical method. Doping transition metal ions such as Cr**,
V3* or Co?* into crystals is the common method to obtain saturable absorbers [6-9]. The
saturable absorber properties are mostly determined by doping transitions. Currently,
the most widely used saturable absorber is Cr**:YAG crystal due to the good optical and
thermal properties of YAG [10] crystal. It is well-known that there are valence differences
between the Cr** and Y* ions [11]. Therefore, the excellent optical crystals with positive
ions exhibiting M** could be the ideal host crystals for the saturable absorbers.

TiTe3O0g belongs to the space group of Ia-3 in cubic system with a = 10.9585(5) A[12,13].
The bulk crystal was firstly grown as a novel acousto-optic crystal in our group. The
thermal conductivity coefficient of the TiTe3Og was determined to be 3.3 Wm~!K~! at
room temperature [12], which indicates the crystal exhibits good thermal property and is
suitable for optical applications. We consider the TiTe3Og crystal as a suitable material for
Cr** doping due to the valence balance and appropriate ion radii.

In this work, the Cr**:TiTe;Og crystal with dimensions up to 21 mm x 21 mm x 11 mm
was successfully grown by the top-seeded solution growth method. The molar percentage
of Cr** in TiTe;0g crystal was determined to be 4.9%. The Cr:TiTe3Og crystal exhibits
a wide absorption band range from 995 to1565 nm due to the doping of the Cr#* ions.
Additionally, the Cr:TiTe3Og crystal was successfully used as a saturable absorber in the
laser operating at 1064 nm.
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2. Materials and Methods
2.1. Synthesis and Growth of Cr:TiTe3Og Single Crystal

The polycrystalline powders of Cr:TiTesOg were prepared using the traditional high-
temperature solid-state reaction method. The TiO, (Alfa Aesar, 99.99%), TeO,(Alfa Aesar,
99.99%) and CrO; (Aladdin, 99.0%) with mole ratio of 0.95:3:0.05 were thoroughly ground
together using an agate pestle and mortar to ensure homogeneity, and they were pressed
into a column. Then, the column was heated from room temperature to 700 °C with a rate of
10 °C/min in air. After holding at 700 °C, the column was quenched to room temperature
directly. It was ground, pressed and sintered two more times as described above.

The single crystal Cr:TiTe30g was grown by the flux method because TiTe;Og is an
incongruently melting compound. The flux consists of TeO, and LiCO3; with molar ration
of 1:5. Then, a mixture of the Cr:TiTe3Og polycrystalline powder and flux was placed in a
dedicated temperature-controlled furnace. The furnace was heated up to 950 °C slowly and
held for 3 days to ensure the mixture melted into a uniform and stable solution. A platinum
wire was inserted into the surface of the solution. The temperature was decreased from
950 °C to 750 °C at a rate of 1 °C per hour. The saturation temperature was determined by
observing whether the crystal was dissolved or grown in the solution. A crystal seed was
cut from the millimeter-sized crystals which were grown by spontaneous crystallization
on the platinum wire. Then, the selected crystal seed was tied to a platinum wire and put
into the flux at the temperature of 4 °C above saturation point. The solution was cooled to
the saturation temperature in two hours and then cooled at a rate of 0.5-0.8 °C per day. A
single crystal was obtained after one month. When the growth process was finished, the
crystal was pulled out from the solution and cooled to room temperature for three days.

2.2. Powder X-ray Diffraction (PXRD)

A multifunctional X-ray powder diffractometer D8 ADVANCE machine made by
Bruker AXS was used in the experiment. The PXRD pattern was taken at room temperature
by the Cu-K« radiation over an angle range (26) from 10° to 90° with a scanning step size
of 0.02°.

2.3. Laue Back-Reflection Measurement

The orientation and structure of the crystal can be obtained by analyzing the Laue
X-ray back-diffraction image. A Laue X-ray backscattering diffractometer developed by
Multiwire Laboratories Company was used in the experiment. The test was carried out on
a Cr:TiTe3Og wafer along the (200) plane with a size of 5 mm x 5 mm X 1 mm, which is
mechanically polished on both sides.

2.4. High-Resolution X-ray Diffraction

It was carried out on a Bruker-AXS D8 DISCOVER diffractometer equipped by Cu-K«1
radiation (A = 1.54056 A) source. The accelerating voltage and tube current were 60 kV and
80 Ma, respectively. The step size and step time were 0.001° and 0.1 s, respectively.

2.5. Transmission and Absorption Spectroscopy

The optical transmission spectra of Cr:TiTe3Og single crystal was collected on an
Agilent Cary 5000 UV-vis-NIR spectrometer in the 200-2000 nm region. The spectra of
the crystal in the 2000-8000 nm region were collected on a Nicolet NEXUS 670 FTIR
spectrometer. A crystal wafer in size of 5 mm x 5 mm x 1 mm polished on both sides was
used in the test.

2.6. Energy Dispersive Spectrometer (EDS)

According to the characteristics of different X-ray photon characteristic energy of
each element, the component analysis was carried out by the energy spectrometer. The
experiment was carried out on a 5 mm x 5 mm x 1 mm wafer, polished on both sides,
employing a Hitachi S-4800 field emission scanning electron microscope.
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2.7. X-ray Fluorescence Spectroscopy (XRF)
The components of Cr:TiTe;Og crystal was analyzed by a Japanese Science ZSX primus
II X-ray fluorescence spectrometer.

3. Results and Discussion
3.1. Characterization of Polycrystalline Cr:TiTezOg

After rapid cooling, there are dark green polycrystalline precipitates on the seed crystal
rod. The polycrystal is ground into powder, and the XRD pattern of the powder is shown
in Figure 1. It can be seen that each peak matches the peak at the corresponding position
of the standard card (TiTe3Og PDF 24-1348) [14] and no other impure peaks. XRD pattern
indicates that there is no significant structure change in the crystal by Cr doping.

Cr:TiTe,0,
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Figure 1. (a) Polycrystals obtained by spontaneous nucleation; (b) XRD patterns of Cr:TiTe3Og and
the pure TiTe;Og.

3.2. Crystal Growth

The Cr:TiTezOg crystal was grown using flux method by slowly temperature dropping
for a month. A piece of directional crystal seed cut along the [100] axis was used. Finally, a
single crystal 21 mm x 21 mm x 11 mm in size was obtained, as shown in Figure 2. It has
a square shape from top to bottom. The Cr:TiTe3Og crystal exhibits a dark green color.

Figure 2. Cr:TiTe3Og single crystal grown along [100] crystallographic axis.

3.3. Laue Photograph and HRXRD

The single crystal orientation was determined by the back-beam Laue method. Four
points on a 5 mm X 5 mm X 1 mm wafer were randomly selected, and the related Laue
diffraction images are shown in Figure 3a. Each diffraction spot was clear and symmetrical
without splitting and had good axial symmetry. The X-ray rocking curve of Cr:TiTe3Og
wafer (200) diffraction plane is shown in Figure 3b. It can be seen that the FWHM (full
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width at half maximum) is as low as 41.90 arcsec, and the peak is symmetrical and sharp.
Both the Laue photograph and X-ray rocking curve measurements indicate that the crystal
is of good quality.
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Figure 3. (a) Laue photographs of Cr:TiTe3Og single crystal; (b) X-ray rocking curve of the Cr:TiTe3Og
single crystal.

3.4. Optical Properties

The transmittance spectrum of the Cr:TiTe3Og with a thickness of 1 mm (Figure 4a) at
room temperature is shown in Figure 4b. It can be seen that the transmittance is more than
70% in the range from 1 to 5 um. The UV-Vis spectra are shown in Figure 4c, which exhibit
an absorption peak at 687 nm and an absorption region from 995 to 1565 nm. Magnified
absorption spectra at about 1um are shown in Figure 4d. The spectra are in good agreement
with the characteristic absorptions of Cr** jons [15].
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Figure 4. (a) A Cr:TiTe3Og crystal wafer with dimensions of 5 mm x 5 mm x 1 mm; (b) transmission
spectra of the Cr:TiTe3Og single crystal perpendicular to the (100) plane; (c) the absorption spectrum
of the Cr:TiTe3Og crystal; (d) the magnified absorption spectrum at 1 pm.

3.5. Eds and XRF

The chemical composition of Cr:TiTe3Og crystal was determined using EDS technique,
and the recorded spectrum is shown in Figure 5. The elemental mapping proves the
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presence of Te, O, Ti and Cr elements in the crystal. EDS test can only be used for semi-
quantitative analysis. In order to quantitatively analyze the concentration of Cr element
in the crystal, the XRF test was carried out. The result is shown in Table 1. The molar
percentage of Cr element is determined to be 4.9%.

ull Scale 4031 cts Cursor: 0.000 ket

Figure 5. EDS image of Cr:TiTe3Og crystal.

Table 1. The content of each element in the crystal tested by XRFE.

No. Element wt. % mol%
1 Ti 129 13.81
2 Cr 0.689 4.9
3 Te 86.4 34.74

3.6. Passive Q Switch Test

In this section, the Cr:TiTe3Og single crystal was tried to use as a saturable absorber in
the laser operating. The schematic diagram of the experimental setup is shown in Figure 6.
A Cr:TiTe3Og crystal in size of 4 mm X 4 mm x 1 mm and a Nd:YVOq crystal in size of
3mm x 3 mm x 10 mmwere inserted into a 30 mm long resonant cavity. The Nd:YVOy,
crystal is coated with AR films working at 808 and 1064 nm. The cavity consists of an input-
coupling mirror M; and an output-coupling mirror M, with the curvature radii of 100 mm
and 200 mm, respectively. The mirror M; exhibits a high transmission of 808 nm (AR,
R < 0.2%) and a high reflectivity at 1064 nm (HR, R > 99.8%). The mirror M; is coated with
HR at 808 nm and partially reflective film at 1064 nm (R = 60%). The cavity is pumped by a
fiber-coupled 808 nm CW-diode-pumped laser. Both the Nd:YVO, and Cr:TiTe3Og crystals
are wrapped with indium foil and mounted in water-cooled copper blocks and cooled
to 15 °C. The output energy is measured by a PM100 digital power meter. The temporal
behaviors of the pulse are recorded by a digital oscilloscope (DPO4104B-L, Tektronix).

Cr:TiTe,0q4

Figure 6. Schematic diagram of experimental setup.

In our experiments, the Q-switching pulses were observed, which means that the
Cr:TiTe3Og has realized the saturable absorber property. The performances of the Cr:TiTezOg
Q-switching laser are shown in Figure 7. The curve of output power changing with pump
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power is shown in Figure 7a. The maximum output power can reach 50 mW with the
pump power 1.194 W. Then, the repetition frequency and pulse width are determined to
be 67 kHz and 1 ps. The maximum laser pulse energy is calculated to be 0.7 pJ, and the
maximum peak power reaches 0.7 W. The laser pulse trains are displayed in Figure 7b. The
pulses are equally spaced and there are no impurity peaks. Figure 7c is a typical monopulse
with a pulse width of 1.667pus.
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Figure 7. (a) The average output powers versus pump powers; (b) the passive Q-switching laser
pulse train; (c) a typical pulse shape of 1.667 us width.

4. Conclusions

In this work, the Cr:TiTe;Og crystal, which can be used as a saturable absorber, was
successfully grown by top-seeded solution growth method. The molar percentage of Cr**
ions in TiTe3Og crystal is determined to be 4.9%. Cr:TiTe3Og crystal shows the absorption
range from 995 t01565 nm. A passive Q-switching solid-state laser with Cr:TiTe3Og crystal
as the saturable absorber operating at 1064 nm was realized.
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