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The deuteration level of K(H;4D,),PO, (DKDP) crystals was measured by Raman spectroscopy and non-critical phase

matching (NCPM) temperature experiment. Our results indicate that the PO, vibration peak of the DKDP crystals shifted
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towards lower wavenumbers with increasing the deuterium concentration. A different deuterium content was found

between crystals grown from similarly deuterated solutions but varying degree of supersaturation. The NCPM

temperature experiments confirm that the deuterated partition difference was about 10% when the deuteration level was

medium (30% - 70%) at different supersaturation levels. We found that 1% deuterium content corresponds to 0.61 °C

NCPM temperature difference.

Introduction

Deuterated dihydrogen phosphate crystals (DKDP) are often used as
optical components because of their excellent optical properties
including a large nonlinear optical coefficient and high UV
transmittance.X The deuteration level is an important parameter that
significantly affects many essential properties of DKDP crystals
such as the refractive index, electro-optical properties, thermal
properties, cell parameters and the laser induced threshold.®®
Deuteration also affects the application of NCPM and fourth
harmonic generation (FHG) in DKDP crystals.*”

DKDP crystals can be grown via either the point-seed method or
the traditional growth method.’**® Compared to the traditional
growth method, the growth period attributable to supersaturation can
be decreased by about 85% when using the point-seed method. The
deuterium partition coefficient, however, may differ from the one
obtained using the traditional growth method. Indeed, the partition
(segregation) coefficient between the crystal and solution depends on
the degree of supersaturation and temperature.®?' In 1974, the
distribution coefficient of deuterium of DKDP crystals grown using
the traditional method was investigated.?? However, there are no
reports about the deuterium partition coefficient of DKDP crystals
grown using the point-seed rapid method at high supersaturation.

Raman Spectroscopy is an effective way to determine deuteration
levels in DKDP crystals. The shift of the PO, vibration peak can
clearly be attributed to H/D isotope substitution. In 1997 Yaksin et
al. suggested that the Raman shift could be used to determine the
deuteration degree of DKDP crystals.? In 2004 T. Huser et al. found
that the dependence of the Raman shift on the degree of deuteration
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is almost linear and that a 1cm™ wavenumber shift of the PO,
vibration peak corresponds to a 2.68% variation of the deuteration
level.* In 2013 B. Liu et al found that the intensity of the strongest
peak of DKDP crystals grown using the rapid growth method with
different deuterium contents decreases first before it reaches its
minimum. The mole percentage of the deuterium content in the
crystal was about 74% when the Raman intensity reached a
minimum, and the relationship between Raman intensity and
deuterium content is not linear.”®

The effect of supersaturation on growth morphology is well
known, but not yet well understood, since when a system becomes
supersaturated, other parameters change in turn, especially in
solution of poorly soluble compounds. Considering the lack of
knowledge of the effect of supersaturation on the deuterium partition
coefficient, further studies are desirable. In this paper, traditional
growth DKDP crystal and rapid growth DKDP crystal were
controlled strictly grown with similar parameters except for
supersaturation. And the deuterium segregation mechanism of rapid
growth K(H.,D,),PO, crystal, for the first time to our knowledge, is
described and confirmed by Raman spectroscopy and NCPM FHG
experiment. Our study may contribute to the application and
improvement of DKDP optical components in NCPM FHG.

Experimental
Crystal growth and sample preparation

The traditional growth (TG) DKDP crystals were grown from
solution with deuteration levels of 17.6%, 61.5%, 74.3%, 78.4%,
86.2% and 98.5%. The rapid growth (RG) DKDP crystals were
grown The traditional growth (TG) DKDP crystals were grown from
solution with deuteration levels of 17.6%, 61.5%, 74.3%, 78.4%,
86.2% and 98.5%. The rapid growth (RG) DKDP crystals were
grown from solution with 17%, 40%, 50%, 60%, 70%, 80% and
90% deuteration levels. The TG DKDP crystals were grown at a
supersaturation of 0.15% and RG DKDP crystals at a
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supersaturation of 2.5%. The solution was filtered using a
polysulfide filter with a 0.15-micrometer pore diameter. The crystals
are transparent without any visible macroscopic defects as shown in
Fig. 1.

Fig. 1 DKDP crystals grown from different deuterated-level solution (Ds) by
RG (a) and TG (b).

For TG DKDP crystals, the growth temperature period governing the
H/D exchange is much longer than that of RG DKDP crystals, so
along the growth direction (Z-direction) TG DKDP crystal samples
and RG DKDP crystal samples were cut and chosen considering
their identical growth temperature. In the crystal growth process,
supersaturation and temperature were controlled strictly to prevent
formation of stray grain.
The deuteration level in solution (Dy) is calculated using the formula
below, where n (D) is the mole amount of deuterium and n (H) is the
mole amount of hydrogen.
Ds(%) = { n(D) / [n(D) + n(H)] } x100% 1)
For TG DKDP crystals, the relationship between deuteration level in
solution (Ds) and deuteration level in crystal (Dc) are calculated with
the formula below which depends on the growth parameters®
Dc = 0.68 x Ds x g00382Ds )
However, this formula is not suitable for calculating the deuteration
level in RG DKDP crystals because the supersaturation levels of the
two growth methods are very different (0.15% for TG and 2.5% for
RG calculated by formula 3). Supersaturation levels were controlled
by reducing the temperature of the growth solution to a constant
value which could be calculated as:
o =(C-Ce)/Ce ?3)
Here Ce and C are the equilibrium and actual concentrations of the
DKDP salt, respectively. Accordingly, in order to modify formula 2
for higher supersaturation, the PO, vibration peak of DKDP crystals
grown using the different method measured by Raman spectrum is
used as a proven method to determine deuteration in crystals.

Raman Spectrum
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All crystal samples are cut from DKDP crystals and processed into
10x10x10mm cubes, with x (100) or y (010) and z (001) direction
oriented accurately and polished optimally. Because crystal samples
cut from different parts of a crystal would show differences in the
Raman spectrum, we ensure that all the samples are cut from relative
fixed position corresponding to similar growth temperature periods.
They are also processed using identical techniques, and possess
identical sizes.

The Raman spectra of the crystal samples were recorded with a
high-resolution confocal p-Raman system (LabRAM HR800) with
excitation wavelength of 632.81 nm, and a scanning speed of 1 cm™
in one step. In order to counter the influence caused by H/D
exchange process, the measuring point was taken inside the crystal
sample on Z (001) with the direction of laser beam parallel to Z
(001). The measured spectral range was from 800 to 1100 cm™.

NCPM FHG experiments

Both the DKDP crystals were processed along the type-l NCPM
direction, which was 90° relative to the z-axis (©@=90°) and at 45°
relative to the x-axis (®=45°). The geometric dimensions of the
DKDP crystal samples were 14.8x14.8x7 mm?®. The transmitting
faces of the crystals were polished but not coated. The experimental
setup for NCPM FHG and cutting type of the crystals is the same as
the one mentioned in ref. [26].

Results and discussion

Raman Spectroscopy

The observed main features are the shifts of the PO, vibration peak
of the KDP crystal around 912.9 cm™ and the shift toward shorter
wavenumber as deuteration levels increase. As shown in Fig.2 and
Fig.3, the Raman spectra of the DKDP crystals grown by the two
methods were obtained with different deuteration levels. The
deuteration levels of the TG DKDP crystals (Dc) were 12.8%, 52.9%,
67.1%, 71.9%, 81.5% and 97.6%. They were determined using
formula 2 and the respective deuteration levels in solution (Ds):
17.6%, 61.5%, 74.3%, 78.4%, 86.2% and 98.5%. When the
deuteration level in solution was about 17%, the PO, vibration peak
was at 906.7 cm™ and 908.8 cm™ for TG and RG DKDP crystals
respectively. This indicated that the deuterium content of TG DKDP
crystals is 5.6% higher than that of RG DKDP crystals.** When the
deuteration level in solution approaches a certain number, the PO,
vibration peak splits into two peaks.?* > When the deuteration level
in solution increases to 61.5% and 60%, the position of the PO,
vibration peaks are 894.9 cm™ and 897.1cm™ for TG and RG crystal
respectively. This means that the deuteration level of the TG DKDP
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Fig. 2 Raman spectrum of TG DKDP crystals.
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Table 1 Position of Raman vibration peak of DKDP crystals grown from different deuterated-level solution by TG and RG.

Deuterated-level in crystal (TG) /% 0 12.8 529 67.1 71.9 81.5 97.6 —
PO, vibration peak of DKDP crystals /cm™' 9129  906.7 8949 8877 885.5 880.7 876.3 —
Deuterated-level in solution (RG) /% 0 17 40 50 60 70 80 90
PO, vibration peak of DKDP crystals /cm™' 9129 9088 9057 901.7 897.1 891 886.7 881.9
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Fig. 3 Raman spectrum of RG DKDP crystals.

crystal is 5.9% higher than the RG DKDP crystal. When the
deuteration level (Ds) reaches 86.2% and 90%, the PO, vibration
peaks were at 880.7 cm™ and 881.9cm™ for the respective TG and
RG crystals. Hence, the deuterium content of TG crystals is 3.2%
higher compared to the RG crystal. Fig. 2 and Fig. 3 indicate that the
deuteration level in the crystal is lower than that in solution for
higher supersaturation levels. In addition, the deuterium segregation
coefficient is also determined by the deuteration level in solution.
The PO, vibration peaks are shown in Table. 1. The relationship
between the position of the Raman vibration peak and the deutetion
level in TG DKDP crystal is linear. Hence, the formula below can be
derived, where Dc’ is the deuteration level in TG DKDP crystals
(in %) and R is the spectral mean of the PO, vibration in cm™.
Dc’ = -2.656cm x R +2423.7 (4)
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Fig. 4 The relationship between Raman shift and deuteration level in TG
DKDP crystals in comparison with the LLNL results.

The Raman shift and the deuteration level relation for the TG
crystals was plotted for our crystals and compared with the
Lawrence Livermore National Laboratory (LLNL) results — see
Fig.4. The Raman shift of the PO, vibration peak indicates that there
is about 3% deuteration difference. The difference may be caused by
the test condition. Based on the observed dependence of the PO,
peak position on the degree of deuteration, the deuteration level of
the RG crystal can be calculated knowing the PO, vibration peak
shown in Table 1 using formula 4. As shown in Fig. 5, empirical
formula is the classic solidification theory, which is reported in
1974.% However, this solidification theory is based on TG DKDP
crystal grown under a small supersaturation. Now rapid growth
method develops fast and attracts a lot of attention owing to its short
growing period, but the deuterium segregation mechanism of RG
K(H1-xDx)2P0O4 crystal grown at a high supersaturation, is not well
known. Similarly, the relationship between deuteration level of RG
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DKDP crystals and solution was calculated - see Fig. 5. There is a
different trend compared to the empirical formula (formula 2) used
to calculate deuterium distribution coefficients of TG DKDP crystals.
When the deuteration level in solution is below 30% or above 70%,
the deuterium distribution difference between solution and crystal is
less than 6%. Moreover, this difference increases to about 10% in a
30% to 70% deuterated solution. The results show that deuterium
segregation varies for solutions with different deuteration levels as
they are affected by supersaturation levels. High (>70%) or low
(<30%) deuteration level solutions, the coefficient of deuterium
segregation is similar to that obtained with the empirical formula.
Due to the fact that H or D occupies a large area, they can enter the
lattice more easily in these deuterated solutions. Supersaturation
levels have a significant impact on the deuterium distribution when
the solution is at a medium deuteration level. Our result suggests that
the influence
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Fig. 6 NCPM temperature (a) spectrum (b) of TG
of supersaturation is small when the solution shows high deuterated
levels. For example, the 95% deuterated KDP crystal grown at a
high supersaturation can be used as a photoelectric switch. The
variation of supersaturation levels can affect deuterium segregation
during crystal growth and cause both deuteration level changes and
inhomogeneous distribution of deuterium in DKDP crystals.”® For
NCPM FHG, the variation of deuteration levels would cause
deviations of both the exterior angle and the NCPM temperature.?>3!
Based on our experimental results the formula describing RG
crystals at a supersaturation level of 2.5% can be fitted as shown in
Fig.5 using
Dc =0.385 x Ds x €0.00963Ds

Here Dc and Ds are the deuteration level of RG DKDP crystals and
its solution, respectively. This result shows that the deuterium level
relationship between crystal and solution is not linear for RG crystals.
The R Square value of this formula is 0.994, which suggests the
deuterium level correlation obtained for RG crystal is reliable.
Compared to the empirical formula (formula 2, shown in Fig. 5), the
deuterium distribution difference increases when the supersaturation
is higher - especially for medium deuteration. Our results suggest
DKDP crystals should be grown at moderate supersaturation to

maintain both accurate high deuteration levels and homogeneity of
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Fig. 5 The dependence of deuterated-level in crystals grown by RG on the

deuteration level in solution and empirical formula which is applicable to
TG crystals.

2000

1.

b 8915 . =G
-
% . TG

— 1600 |- -3

) e 2

= :

=] F g7

L L

g 1200 | \.

< g 5

> L]

z &

§ 800 : s

= .

= ]

E \_p'

@ 400 |-

o

0 1 L 1 L 1
800 850 900 950 1000 1050 1100

Raman shift (cm™)

and RG DKDP crystals grown from 74.5% deuterated solution

deuterium, especially for 70% deuterated KDP crystals when NCPM
FHG is used.

NCPM FHG temperature experiments

To confirm the reliability and validity of formula 5, both the NCPM
temperature and Raman spectrum of two DKDP crystals grown from
the same deuteration level solution (74.5%) using different growth
methods were measured. The TG and RG DKDP crystals were
grown at 0.15% and 2.5% levels of supersaturation, respectively. As
shown in Fig. 6a, the NCPM temperature of the RG DKDP crystal is
37.5°C, higher than the 31°C of NCPM temperature in the TG
DKDP crystal. This indicates that the deuteration level of RG DKDP
crystals is lower than that of TG DKDP crystals. The results show
that deuterium content decreases with increasing supersaturation
which results in a

hange of the refractive index.

The Raman spectra of the two DKDP crystals described in Fig. 6b
further indicate that the PO, vibration peaks are at 891.5 cm™ for the
RG DKDP crystal and 887.5 cm™ for the TG DKDP crystal
respectively. This corresponds to 55.9% and 66.5% deuteration
levels of the DKDP crystals calculated using formula 4. It indicates
that H/D exchange is less likely at higher supersaturation when
deuteration levels of solutions are about 70%. In addition, a 10.6%
deuteration level deviation between them is consistent with the result
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shown in Fig. 5. The experiment indicates that the deuteration levels
in RG DKDP crystals are similar to those calculated using formula 5.
A 1% deuteration degree corresponds to about 0.61°C NCPM
temperature difference.

Conclusions

In this paper, the difference between deuterium distribution in
DKDP crystals grown via TG and RG at different supersaturation
levels were measured using Raman spectroscopy which can
specifically determine PO4 symmetric vibrational mode peak
position, corresponding to the substitution of D for H. Our results
indicate that the deuterium segregation difference between the two
crystal growing methods is about 6% if the deuterated-level in
solution is below 30% and above 70%. This difference increases to
about 10% when the deuterium content of the solution is between
30% and 70%. This result shows that the coefficient of deuterium
segregation depends mainly on supersaturation levels. Higher
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