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A B S T R A C T

Optical properties of high-quality flux-grown potassium titanyl phosphate (KTiOPO4, KTP) crystals were studied
at 81 K in the spectral range of 0.2–2.4 THz by terahertz time-domain spectroscopy and compared with the room
temperature results. No strong phonon peaks were found at frequencies below 2.15 THz in the absorption spectra
of αx ≈ αy components. At 81 K they do not exceed that of widely used GaSe crystal. Experimental data on the
dispersion of refractive index at 81 K for THz waves polarized parallel to optical axes were approximated in the
form of Sellmeier equations. Phase matching for collinear difference-frequency generation of visible and near-IR
emission into the THz domain was found possible, as well as second harmonic generation within THz region that
can be a basis for the new THz sources designs. Phase matching in KTP was found insensitive to temperature
variation. These properties together with the exceptional set of other known physical properties render KTP
crystal amongst the most prospective crystals for high-power THz wave generation under intense laser pumping.

1. Introduction

Positive (nx < ny < nz, 2Vz= 37.4° at λ=0.5461 μm) potassium
titanyl orthophosphate KTiOPO4 crystal (hereafter KTP) belonging to
the point group symmetry mm2 is a widespread nonlinear crystal for
frequency conversion. It is due to its exceptional optical properties: a
broad transparency window between 0.35 and 4.5 μm at “0″ level, low
(down to and below 10−3 cm−1) absorption coefficient in the spectral
range from 1.0642 μm to 1.318 μm, large birefringence of 0.11, high
damage threshold of over 30 GW/cm2 under expose to 8–11 ns pulses at
1.064 μm that is something lower to that for LiNbO3 crystal, reasonable
hardness (5 in the Mohs scale) and nonlinear coefficients
(d15= 1.9 pm/V, d24= 4.2 pm/V, d31= 2.2 pm/V, d32= 2.7 pm/V,
and d33= 17.4 pm/V) [1]. KTP also demonstrates a low thermal ex-
pansion coefficient and slow variation of the optical constants with
temperature (excellent thermal stability) [2], and high chemical stabi-
lity [3]. It should be noted that absorption losses in KTP are sig-
nificantly dependent on the growth technology (hydrothermal synthesis

or flux method) and technological state of the art [1].
The assignment between the dielectric and crystallographic axes for

KTP isX ,Y, Z→ a, b, c. Phase matching (PM) exist in KTP for sum
frequency (SFG) and second harmonic generation (SHG) within trans-
parency window at room temperature (RT) by type II of three-wave
interaction: f+s→ f (e+o→ e) type in the principle XY-plane, f+s→ s
(o+e→ o) in the YZ-plane and f+s→ f (o+e→ o) in the XZ-plane
(θ > Vz). Conventional notation of interacting waves in biaxial (“f” is a
fast wave, “s” is a slow wave) and uniaxial (“o” is ordinary wave and
“e” is extraordinary wave) crystals are used here for convenience [3].
The efficient nonlinear coefficient for type I PM is vanishing for inter-
actions in XY- and YZ-plane; it is small for interaction in the XZ-plane
[4]. Difference-frequency generation (DFG), as well as optical para-
metric oscillation (OPO) were realized in KTP [4,5] demonstrating the
highest efficiency in the XZ-plane [5,6].

Introduction of time-domain terahertz spectroscopy (THz-TDS) has
made it possible to measure KTP absorption coefficient αy and αz and
refractive index ny and nz components in the range from 0.2 THz to
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1 THz for waves polarized parallel to Y- and Z-axis, respectively [7].
Unidentified component (it seems that wave polarization was not se-
lected) was measured in the range of 0.5–2 THz [8]. All three compo-
nents of the refractive index and absorption coefficient were measured
between 0.2 and 2.6 THz for the first time in [9]. It was found that KTP
exhibits strong birefringence B= nx− ny≈ 0.65 in the frequency range
of 0.3–1.5 THz at RT and the pronounced absorption coefficient
αz≤ 50 cm−1. Absorption coefficients αx≈ αy= 15 cm−1 at 1.5 THz
and decrease down to ∼2 cm−1 at longer wavelengths [9]. So, ab-
sorption coefficients αx and αy of KTP have the close values to GaSe
[10]. Thus, KTP can be considered as a highly prospective crystal for
THz applications on the level with widely used GaSe [11]. It was al-
ready used as the nonlinear medium in a surface-emitted terahertz-
wave OPO [12–14]. Terahertz parametric generation from KTP was
reported to be superior over lithium niobate (LiNbO3) and lithium
tantalate (LiTaO3) in terms of parametric gain and laser damage re-
sistance [13]. Besides, further improvement in the growth technology
[9] or/and cooling [15,16] can significantly decrease its optical losses.
So, KTP abundantly satisfies all requirements and therefore appears to
be a highly attractive candidate for THz wave generation. To uncover
the full potential of KTP crystals for the THz range it is necessary to
carefully determine corresponding optical properties and a possibility
for phase-matched generation at RT and lower temperatures that can be
resulted in decreased absorption coefficient like in LiNbO3 and/or more
favorable PM conditions, and finally in improved frequency conversion
efficiency.

Terahertz optical properties of high optical quality flux-grown KTP
crystals studied by THz-TDS at 81 K are reported in this paper and
compared with the RT results. Dispersions of refractive index compo-
nents for THz waves polarized parallel to the optical axis are approxi-
mated in the form of Sellmeier equations; PM curves for difference-
frequency generation in the THz domain (T-DFG) under visible and
near-IR pump, and SHG within THz range were demonstrated in our
previous work [17] but here we consider one more possible type of
interactions for the same frequency conversion processes.

2. Materials and methods

A modified Czochralski method was employed by Single Crystals
LLC, Russia (same crystal producer as for former study [10]) to grow a
KTP ingot by flux method in a gradient temperature field with using a
seed crystal oriented along the X-axis. Vibrational methods of viscosity
measurements and phase analysis were used to control melt char-
acteristics and crystallization parameters. It allowed us choosing op-
timal flux composition and optimum process regimes for growing large
(> 250 cm3) ingots with higher growth speed and specific resistance of
up to (2–4)⋅1011 Ohm⋅cm at RT [18].

For biaxial crystal measurement of the αx, αy, αz and nx, ny, nz
components is carried out for waves incident along the normal to the
surface and polarized parallel to the optical axes X ,Y or Z. Two high-
resistivity at RT (1011 Ohm⋅cm) wafers with the size of about
10×10×0.275mm3 (width×height× thickness) were cut from the
grown ingot orthogonal to X- (KTPx wafer) and Z-axes (KTPz wafer)
(Fig. 1).

The wafer’s sides were cut, respectively, parallel to Y- and Z-axes,
and X- and Y-axes (Fig. 1). So, as mentioned above, they allowed us to
measure all three components of refractive index (nx, ny, and nz) and
absorption coefficient (αx, αy, and αz). Possible nonparallelism of optical
axis and light polarization caused by manufacturing mistake or mis-
alignment of the optical setup leads to an appearance of an orthogon-
ally polarized light component and, as a result, to the observation in the
spectrum of an interference pattern. The coincidence of the optical axis
and polarization of the THz waves was controlled by grid polarizers.

A spectrometer Cary 5000 Scan (Varian, Australia) with operation
range of 190–3500 nm, spectral resolution of 0.2 nm and a Fourier
spectrometer FT-801 (Simex, Russia) with operation range of 2–20 μm

and spectral resolution of 0.5 cm−1 were used to study absorption
spectra in the main transparency window of the crystal. A custom-made
THz-TDS (Fig. 2) was used to record optical properties of the KTP
wafers in the THz domain.

It was based on a compact femtosecond 130-fs Er-doped fiber laser
combined with an SHG module (Toptica Photonics, Germany), which
delivers the average power of 80mW at 775 nm. Laser radiation was
split into two beams. About 90% of the power was used to pump a THz
generator - an interdigitated high power multi-slit dipole antenna
iPCA−21–05−1000–800-h (Batop GmbH, Germany). About 10% of
the power was utilized to probe the THz electric field by a conventional
electro-optical sampling technique based on Pockels effect [19,20]. The
emitted THz waves were collimated into the beam with a diameter of
about 25mm by an off-axis parabolic mirror and then focused by a
similar mirror onto the detector: (1 1 0)-cut 2-mm thick antireflection
coated ZnTe crystal. A voltage generator modulates the output THz
radiation at fmod= 8 kHz by switching the antenna’s bias voltage
(± 15 V). The lock-in amplifier SR830 (Stanford Research Systems,
USA) was used to detect the THz signal at fmod. The custom-developed
software records the waveform of THz pulses by controlling the optical
delay line and an output signal of the lock-in amplifier. The developed
THz-TDS operated in the spectral range of from 0.1 to 2.5 THz, while its
dynamic range exceeds 75 dB at the frequency of 0.3 THz.

A TPX lens with 100mm focus lengths was used to focus the THz
radiation onto the sample mounted inside the cryostat and then an
identical second lens collimates it. The THz radiation was linearly po-
larized by P1 and P2 grid polarizers located, respectively, on the gen-
erator output and before the detector input. The fine-tuning of the
spectrometer polarization optics was performed before the studies by
the algorithm described elsewhere [21]. The THz-TDS signals were
acquired with the time resolution of 125 fs in the range of 60 ps that
corresponds to the spectral resolution of about 20 GHz. Since THz-TDS
technique is differential one the records of THz pulse waveforms with
(sample pulse) and without (reference pulse) sample are required to
obtain the properties of the material under the study. The terahertz
optical properties and thickness of the samples were estimated by the
extraction method described in [22] and based on the complex trans-
mission function calculated as the ratio of the Fourier-transform spectra
of the sample and the reference pulses. The resulting complex trans-
mission functions were averaged over four independent measurements.

A custom-made liquid nitrogen (LN) bath cryostat operating in a
transmission mode and mounted on the translation stage was used to
cool down the KTP wafers. Heating up and cooling down procedures are
necessary for sample removing in the case of conventional cryostat
technique. Thus, it can take more than an hour between the records of
the sample and the reference THz pulses. As a result, an additional
uncertainty can be introduced in complex transmission function due to

Fig. 1. Photo of the KTP wafers identified in the figure insets; their optical axes
are shown by arrows.
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the long-term drift of the spectrometer signal amplitude. We made a
special cold finger for our cryostat (Fig. 2 inset) to avoid this problem. A
Cu cold finger was fabricated by CNS machine and has a symmetrical
design with two identical windows. One of the diaphragms held the
sample but the second one was free of the sample and used to measure
the reference signal. The diaphragms interchangeably were exposed
into the terahertz beam by moving the whole cryostat using a motorized
translation stage. The wafer temperature was controlled by ANSI Type
K (chromel-alumel) thermocouple integrated into the cold finger and
connected to the calibrated “Termodat-13E1” temperature controller
(Control Systems Co. Ltd., Russia). The spectral measurements on THz-
TDS were performed after 30-minute settling time to the stable tem-
perature of 81 K. We suggest that the difference in temperature between
LN and wafer can originate from a big size of the cold finger and limited
thermal insulation of the cryostat. However, new cold finger allowed us
to perform more accurate studies of the THz optical properties of the
KTP crystals than in former paper [9].

3. Results and discussion

The Fig. 3 plots absorption coefficient spectra (αx, αy, αz) of the KTP

wafers in the main transparency window at RT. All measured compo-
nents of the absorption coefficient are below 0.1 cm−1 (lower limit of
the measurement) that confirms the high optical quality of the wafers.
It is seen in the Fig. 3 that KTP crystal permits pumping by a wave-
length of 0.375–4.2 μm, i.e. blue-green, all solid state or chemical la-
sers. In particular, terawatt-level laser systems can be used as extreme
power pump sources such as THL-100 generating 50-fs, 1–2 J pulses
[23]. It comprises a driving Ti:Sapphire laser system (wavelength
950 nm, pulse energy 50mJ), a frequency doubler and a second har-
monic amplifier on excimer molecules XeF(C-A). Another possible
pump source is a second harmonic of the 50-fs Ti:Sapphire “SART-
248M” system [24].

A non-centrosymmetric phase of KTP wafers at temperatures down
to 81 K was confirmed by observation of SHG of 1.0642-μm Nd:YAG
laser in a XZ-slab cut of the same KTP ingot at θ (72°) > Vz (17.4°)
during the cooling by adjusting it within an external angle of< 6°.
Besides, it was found no major changes in THz spectra of the wafers
with the cooling (see below) that could be related to the structural
transformations.

Spectra of terahertz optical properties of KTP crystal measured by
THz-TDS at 293 K and 81 K are depicted in the Fig. 4 and Fig. 5.

In Fig. 4 the refractive index components at 1 THz nz= 4.0,
ny= 3.35 and ny= 3.3, and birefringence B= nz− ny≈ 0.7 at RT
match well with the data reported in [7]. All three components of the
refractive index are a little bit larger than that are reported in [9]. At
81 K they decrease by less than 10% and seem still large enough for PM.

Similar to [25] refractive index components recorded at 81 K were
approximated in the form of Sellmeier equations by the best-fit method
within the validity range of 142–1500 µm:
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Along with the dispersion equations for the transparency window of
flux-grown crystals and their thermal dispersions from [26] they were
used to calculate PM curves for down-conversion into the THz domain.

PM for T-DFG under visible or near-IR pump was found possible all
over the entire transparency range of KTP crystal in the THz domain
including principle XZ plane (θ > Vz and θ < Vz) both at 293 K and
81 K. An example of the calculated PM curves for T-DFG of Nd:YAG and
close-wavelength OPO is shown in the Fig. 6 for 81 K and compared to
293 K. It is seen that PM curves are almost unchanged with the cooling
that does not affect the T-DFG efficiency and well matches the data for

Fig. 2. Schematic of the THz-TDS: Magenta
lines-laser radiation (775 nm, 130 fs,
80mW); sky blue lines-THz radiation; black
bold arrows indicate translation stage travel
direction; dashed lines with arrows indicate
electrical signals flow direction; P1, P2-ter-
ahertz grid polarizers; optoelectronic unit is
based on the Si pin photodiodes and tran-
simpedance amplifier. Cu custom-made cold
finger (dimensions are in mm) is shown in
the figure inset. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

Fig. 3. Absorption coefficient spectra of the 0.275-mm thick KTP wafers in the
visible and IR ranges at RT. Scaled up curves are shown in the figure inset
(impossible to measure accurately due to the sensitivity limitations of the
measuring system).
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the main transparency window [1]. Pumping cm-sized KTP samples by
extreme power visible or near-IR sources seems to be an attractive way
to get top power nanosecond THz pulses.

It is interesting to outline that SHG within the THz domain was also
found possible at 81 K as well as at RT (Fig. 7). Again, PM was found to
be almost temperature insensitive. Thus, frequency conversion of THz
waves can become an alternative design for new THz sources.

At RT absorption coefficient αz is large (from 10 to 50 cm−1) in the
range between 0.5 and 1.5 THz (Fig. 5c), αx ≈ αy is 5 times lower than
αz (Fig. 5a, b) [9,25]. All of them decrease dramatically with the
cooling down to 81 K leading to a significant increase in potential ef-
ficiency of T-DFG. Absorption coefficients αx and αy are close (about
5 cm−1) to that of GaSe [10] and up to a few tens of cm−1 lower than
that of LiNbO3 [15] crystal at 1 THz. Phonon absorption peaks are
found near 1.73 THz and 2.2 THz in αz spectrum, 2.15 THz in αy and
2.44 THz in αx. No strong phonon peaks were found in αx and αy spectra
at frequencies below 2.15 THz that also well matches known data
[3,7,9,25,27,28].

Possible T-DFG in the XZ plane at θ > Vz is preferable due to lower
absorption coefficient (Fig. 5). It should be noted that absorption
coefficients can be further decreased by the improvement of the growth
technology. Compared with LiB3O5 crystal [29–31] KTP crystal de-
monstrates an order larger nonlinearity and in comparison to LiNbO3 it
has smaller absorption and birefringence that is favorable for collinear
PM [32]. However, susceptibility to photochromic damage under high-
intensity pumping, known as gray- or grey-tracking could be its dis-
advantage [1].

4. Conclusion

In conclusion, we present optical properties of high optical quality
flux-grown KTP crystals studied by the time-domain spectroscopy for
THz waves polarized parallel to all three optical axes in the range of
0.2–2.4 THz at 81 K and compare them to room temperature results.
Absorption coefficients αx and αy at 81 K a few times lower to that of
widely used GaSe crystal and LiNbO3 crystals, and do not have any
strong phonon peaks at the frequencies below 2.15 THz. All the

absorption coefficients decrease dramatically with the cooling down to
81 K that should lead to a significant increase in the potential frequency
conversion efficiency. Dispersion of refractive index components at
81 K is approximated in the form of Sellmeier equations. By using the
equations, it is found that KTP crystal has PM for DFG in the THz range
almost in the entire transparency range in the THz domain and in the
favorable principle XZ-plane. Moreover, for the first time, it is found
that phase-matched SHG of a THz wave is possible. PM demonstrates
high thermal stability (insensitivity to the temperature variation) like
that in the main transparency window. Thus, low absorption at visible,
IR and THz wavelengths, PM for three-wave interactions together with
the exceptional set of known physical properties render KTP crystals
amongst the most prospective crystals for high-power THz wave gen-
eration. Growth technology available for producing cm-sized KTP

Fig. 4. Dispersion of refractive index of three axes of KTP crystal at 293 K and 81 K.

Fig. 5. Absorption coefficient spectra of three axes of KTP crystal at 293 K and 81 K. GaSe absorption was adopted from [10] for comparison.

Fig. 6. Phase-matching curves for s – f→ f type down-conversion of THL−100
(λ=0.475 μm, black lines) [23], Nd:YAG (1.064 μm, red), Er:YAG (2.94 μm,
green), DF (4.1 μm, blue) lasers and close-wavelength emission into the THz
domain in the first quadrant of KTP crystal at 293 K and 81 K vs. θ and φ angles.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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crystals also seems important for THz applications.
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