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In this study, we successfully demonstrate the achievement of 1.37 W average power for a picosecond deep
ultraviolet (DUV) laser at 213 nm with a 1 MHz repetition rate using -BaB204 (BBO) crystals, which is the
highest output power of a 213 nm picosecond laser system with an all-solid-state setup so far. The laser system
generates over 1.3 pJ 213-nm pulse energy. The fifth harmonic is generated by sum-frequency generation of the
532 and 355 nm beams based on a “2 + 3” scheme. BBO crystals with lengths of 6, 8, and 10 mm are investi-

gated. Furthermore, the DUV laser system produces a high-beam quality and narrow linewidth output. The DUV
system can be stably maintained over 100 h with expanded beam sizes of 532 and 355 nm at 800 mW, and
without requiring a change in the positions and temperatures of nonlinear crystals.

1 Introduction

To date, high-power and high-repetition rate deep ultraviolet (DUV)
laser sources, with pulse lengths in picosecond regions, have been
widely applied in both science and industry, including online detection
of wafer surface defects, laser drilling, laser machining of wide bandgap
materials, and research on surface physics [1-3]. In recent years, due to
the fast development of solid-state lasers and nonlinear optical crystals
(NLO), high-energy, nanosecond-class DUV pulse, and continuous-wave
lasers have been studied by many research groups [4-10]. These DUV
lasers are typically generated by the fifth-harmonics generation (5HG) of
near-infrared (NIR) lasers at 1 pm. For the DUV picosecond operations
around 200-nm lasers that are subject to energies lower than those of the
nanosecond pulses, the damage and impact of temporal walk-off effects,
high power with high-energy operations have encountered serious beam
deterioration, power reductions, and instabilities caused by DUV ab-
sorptions [11-14]. For the frequency conversions of visible and DUV
radiation, birefringent crystals are crucial; thus, some properties, such as
a DUV transparency of considerably less than 300 nm, moderate
nonlinear coefficients (def = 1-2 pm/V), high optical damage
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thresholds, and low cost, are important considerations.

Hitheto, the major 5SHG NLO crystals include B-BaB;O4 (BBO),
CSLiB6010 (CLBO), NH4H2PO4 (ADP), and KI‘I2PO4 (KDP) ADP and KDP
crystals can be grown in meter scale sizes, and the 20%-efficient 5SHG of
wide-aperture neodymium glass is first reported in an ADP crystal [15].
Also, both KDP and ADP crystals must be cooled to cryogenic temper-
atures to achieve phase-matching conditions. The 5HG is achieved at
room temperature using BBO and CLBO. The CLBO crystal has been
proved to be an attractive NLO crystal for generating DUV radiation
owing to its larger angular acceptance, phase-matching bandwidth, and
temperature bandwidth constants compared with those of BBO. None-
theless, BBO and CLBO crystals can both be used to generate 213-nm
wavelengths, as exemplified in Table 1 [16,17]. However, CLBO crys-
tals can only be used in a “1 + 4” scheme through a sum-frequency
generation of 1064 and 266 nm beams. CLBO crystals are generally
used in picosecond 266-nm lasers [18,19]. In picosecond 266-nm lasers,
high-power, long-term stability, and high-beam quality operations have
to be through intermittent crystal shifting. For the generation of 213 nm
based on the “1 + 4” scheme, the performances of the whole system are
limited by the two processes of 266 and 213 nm, particularly for long-
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Table 1
Laser generation schemes for CLBO and BBO crystals at 213 nm.

Schemes Phase- degr Walk-off Crystal angle
matching (pm/ angle (°) tolerance (mrad
angle (0) V) cm)

CLBO 1+4(0+ 67.6° 0.95 1.7 0.42

0—e)

BBO 2+ 3(0+ 69.7° 1.1 3.5 0.21

0—e)

term stability. Furthermore, CLBO crystal is known to be easily deli-
quescent because of its highly hygroscopic nature [20]. In contrast, BBO
crystals can use a “2 4+ 3” scheme through a sum-frequency generation of
easily obtainable 532 and 355 nm beams. So far, the lifetime and beam
quality of 532 and 355 nm are sufficiently mature to support a 213-nm
laser generation. However, BBO crystals suffer from two-photon ab-
sorption (TPA) during the 5HG, which seriously decreases the conver-
sion efficiency and degrades the beam quality [21]. Meanwhile, the TPA
coefficient p is a function of intensity. If the intensity is relatively low,
typically below 10 MW/cm? then the contribution of TPA is weak [22].
Furthermore, as one of the most important NLO crystals, BBO has many
outstanding features such as high NLO coefficients, low group-velocity
dispersion, and high optical quality. BBO is also commercially avail-
able at a competitive price. Therefore, the generation of a picosecond “2
+ 3” scheme based on BBO crystals at 213 nm is of great importance.
High power of 1.15 [10] and 0.5 W [11] at 213 nm have been obtained
by CLBO and BBO operating at 82 and 120 MHz respectively, but the
DUV outputs produce with the lower pulse energy (nJ level) are not
compatible with some applications when considering both the average
and peak power.

In this study, we have designed an efficient 5SHG system based on a
“2 + 3” scheme, which cascades through a second harmonic generation
(SHG) and a third harmonic generation (THG) both using LiB3Os (LBO)
as the nonlinear material and a BBO crystal in the 5HG process. To
reduce the influence of TPA, a beam expander is inserted between THG
and 5HG to increase the beam size and reduce the divergence angle at
532 and 355 nm. The maximum output power is as high as 1.37 W for a
213-nm wavelength at a 1 MHz repetition rate. The energy of the
generated 213-nm pulse is over 1.3 pJ. We also investigate the influence
of BBO crystal length on the 5HG output power, and the spectral evo-
lution at 532, 355, and 213 nm. The long-term operation over 100 h is
achieved at 800 mW, and no intermittent crystal shifting is required.
Also, the DUV laser system produces a high-beam quality and narrow
linewidth output.

Nd:YVO,

~
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2 Experiment setup

A schematic diagram of the experimental setup is shown in Fig. 1. A
high-power diode-directly-pumped passively mode-locked Nd: YVOa
solid-state laser was used as the pump source. An acousto-optic modu-
lator (AOM) was applied to reduce the repetition rate of the seed pulses
from 50 to 1 MHz. The picosecond laser amplifier consisted of dual-pass
amplifier and a two-stage single-pass amplifier based on Nd: YVO4 bulk
crystals. The maximum power output was 50 W. A pair of lenses, L1 and
L2, was used to adjust the pump beam size to approximately 2.2 mm in
diameter. The LBO for the first SHG (LBO [1]) had dimensions of 5 mm
x 5mm x 20 mm, cut at © = 90.0° with ¢ = 10.4°, and it was designed to
type-I phase match at 50 °C. The LBO for the THG (LBO [2]) had di-
mensions 5mm x 5mm x 18 mm, cut at 0 = 44.0° with ¢ = 90°. LBO (2)
was designed for type-II phase-matching at 50 °C. The entrance face of
LBO (2) was antireflection coated at 1064 and 532 nm, while the exit
face of LBO (2) was antireflection coated at 1064, 532, and 355 nm. To
compensate for the walk-off effect, the SHG was type-I phase matched at
the XY plane and THG was type-II phase matched at the YZ plane, and
the walk-off directions during SHG and THG were opposite [6]. The
wavelengths at 532 and 355 nm were separated by a dichroic mirror
(DM1) and another dichroic mirror (DM2) was used to separate 1064
nm. A half-wave waveplate was used to change the polarization at 532
nm to achieve the type-I phase-matching in 5SHG BBO. A delay line was
used to compensate for the temporal walk-off effect. A dichroic mirror
(DM3) was used to combine 532 and 355 nm in space for BBO in 5HG.
The surfaces of BBO in 5HG were all uncoated to avoid damage caused
by deep-violet photons. A beam expander with a fixed magnification of
2x was inserted before 5SHG. The beam expander has two functions.
Firstly, not only can the efficiency of SHG and THG be guaranteed but
also the peak power density at 532 and 355 nm can be reduced to avoid
the damage of 5HG BBO crystal. The beam diameter after the expansion
is about 2.7 and 2.0 mm at 532 and 355 nm, respectively. Secondly, the
divergence angle at 532 and 355 nm can be reduced by twice. The lower
divergence is beneficial for the generation of 213 nm because the BBO
crystal has lower angular acceptance bandwidth compared with CLBO
crystal. The divergence angle at 532 nm after the expansion is about
0.29 and 0.26 mrad in the x and y directions, respectively. The diver-
gence angle at 355 nm after the expansion is about 0.20 and 0.19 mrad
in the x and y directions, respectively.

3. Experiment results

The fundamental beam system is optimized to a high-beam quality at
1 MHz. Fig. 2 illustrates the measured pulse length of the fundamental

I : vertical polarization

'& : horizontal polarization
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Fig. 1. A schematic diagram of the experimental setup for laser generation in BBO at 213 nm. L1, L2, focusing lenses; DM1, DM2, DM3 dichroic mirrors; HWP, half-

wave waveplate; DP, CaF, dispersion prism.
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Fig. 2. Pulse length of the fundamental beam (a), M? factors (blue solid line:
fitting horizontal diameters after lens, red dashed line: fitting vertical diameters
after lens) of 1064 nm (b), 532 nm(c), and 355 nm (d). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

beam at 50 W by an intensity autocorrelator (Pulse Check 150, APE), m?
factors (BEAMAGE-M2, Gentec-EO). The pulse duration of fundamental
beam is 17 ps. The values of M? are M2 = 1.08 and Mg = 1.05 at 1064
nm, M = 1.12 and M = 1.1 at 532 nm, M7 = 1.2, and M2 = 1.17 at 355
nm. The power stability of 1064, 532, and 355 nm is 0.48%, 0.63%, and
1.14% RMS respectively, over a 1-h measurement.

To prevent damage to the BBO crystal, we limit the maximum power
output at 1064 nm to be 30 W. The SHG and THG conversion efficiencies
are adjusted by changing the temperature of the LBO (1) and LBO (2)
crystals to optimize the conversion efficiency at 213 nm. The maximum
conversion efficiency is measured for a power ratio of 1:1 between 532
and 355 nm for the 10-mm BBO crystal. The resulting powers at 532 and
355 nm are measured to be about 8.0 W and 8.0 W respectively. The
estimated peak intensity of 532 and 355 nm on the entrance face of the
BBO crystal is 25 and 35 MW/cm?, respectively. Three BBO crystals used
in 5HG with lengths of 6, 8, and 10 mm are investigated, with the
experimental results shown in Fig. 3 (a). Fig. 3 (a) shows the output
power at 213 nm as a function of the input power at 532 nm. The 1064
nm power is fixed at 30 W and the power ratio between 532 and 355 nm
is 1:1 during the whole process. The maximum output power at 213 nm
is obtained from the 10 mm crystal having an output power of 1.37 W
after a CaF dispersion prism. The measured 213 nm power of 1.37 W is
~ 20% lower than the simulated result using SNLO. In Ref [12], the
powers of 532 and 355 nm should be very low when the power of 1064
nm is low. Therefore, the much higher output powers are obtained in
Fig. 3 (a) at low pump powers compared with the results of Ref [12].
Compared with Ref [13], the peak intensities of both input beams are
much lower; no conversion efficiency saturation is observed, as shown in
Fig. 3(b). The conversion efficiency is defined as the ratio of 213-nm
output power to the 532-nm power at the input of the BBO crystal.
Although the output power from the 10-mm crystal is higher than that
from the 8-mm crystal, the beam profile at 213 nm from the 10-mm
crystal is worse because the self-heating process caused by TPA and
the subsequent thermal dephasing due to the small temperature accep-
tance of BBO is more serious for the longer crystal, as shown in the insets
of Fig. 3 (a). The maximum output power at 213 nm is 1.16 W from the 8
mm-crystal after a CaF; dispersion prism, and near-field beam profile is
with high quality. Fig. 4 shows the M? factors at 213 nm for the 8-mm
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Fig. 3. Output power (a) and conversion efficiency (b) versus input power at
532 nm of the three BBO crystals used for SHG. The inserts show beam profiles
at 213 nm for 8 and 10 mm, respectively. Error bars represent the standard
deviation over a number of measurements.
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BBO crystal, M = 1.62 and M2 = 2.13.

Fig. 5 shows the spectral evolution at 532, 355, and 213 nm. A
wavelength meter (ELIAS-Wavemeter, LTB) is used to measure the
spectral width. The spectral shape of the 532 nm beam is attributed to
the depletion during the THG process. Theoretically, the spectral width
at 1064 nm is approximately 98.0 pm for the full width at half maximum
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Fig. 5. Spectral evolution at (a) 532 nm, (b) 355 nm, and (c) 213 nm.
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(FWHM) based on the Fourier transform limit, while the spectral width
at 532, 355, and 213 nm is 94, 88, and 14 pm (~90 GHz) for the FWHM,
respectively. The measured spectral widths are larger than simulations
by using the SNLO computer program. The linewidth of 213 nm is
narrow enough for the wafer inspection process.

Finally, the long-term operation is investigated. The laser warming
time is about 20 min. The BBO crystal is heated to 60 °C in a clean, dry-
nitrogen-purged chamber to avoid hygroscopic deterioration and the
formation of ozone. Although no surface degradation is observed, bulk
optical degradation of BBO crystal after long-term generation of high-
power radiation at 1.37 W is observed. The characteristic time of
degradation varies from tens of hours using different BBO crystals. Then,
we perform a 100-hour lifetime test of continuous operation at an 800
mW average output power as shown in Fig. 6. During 100-hour of
operation, the same spot for the BBO crystal is used. There is no obvious
power down. As we know, this is the longest lifetime reported for 800-
mW levels at picosecond 213 nm no intermittent crystal shifting is
required. The damage progress and the crystal degradation caused by
TPA within the BBO crystal are effectively relieved by reducing the peak
intensities of 532, 355, and 213 nm. No surface or internal damage is
observed after the test, suggesting that the BBO crystal is a reliable NLO,
which can be used to generate lasers with a 213-nm wavelength.

4 Conclusions

We have demonstrated a high-power picosecond deep ultraviolet
laser generation system at 213 nm with a 1 MHz repetition rate in BBO
crystals based on the “2 + 3” scheme. The maximum output power is as
high as 1.37 W, which implies that the pulse energy is more than 1.3 pJ.
Characteristics such as beam profiles, spectral evolution, and long-term
operation are also investigated. A beam expander is used to reduce the
TPA influence on BBO crystal and the divergence angle at 532 and 355
nm. The DUV system as a whole is found to operate for long periods at
800 mW without severe crystal degradation, and no requiring changes in
crystal position. This design provides a good solution for a robust, long-
term operation when operated at 213 nm due to the high reliability of
the BBO crystal with accessible 532 and 355 nm beams.
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