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Abstract: At present, deep ultraviolet (DUV) lasers at the wavelength of fourth harmonics of 1 µm
(266 nm/258 nm) and at the wavelength of 193 nm are widely utilized in science and industry.
We review the generation of these DUV lasers by nonlinear frequency conversion processes using
solid-state/fiber lasers as the fundamental frequency. A DUV laser at 258 nm by fourth harmonics
generation (FHG) could achieve an average power of 10 W with a beam quality of M2 < 1.5.
Moreover, 1 W of average power at 193 nm was obtained by sum-frequency generation (SFG).
A new concept of 193-nm DUV laser generation by use of the diamond Raman laser is also introduced.
A proof-of-principle experiment of the diamond Raman laser is reported with the conversion efficiency
of 23% from the pump to the second Stokes wavelength, which implies the potential to generate a
higher power 193 nm DUV laser in the future.
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1. Introduction

Deep ultraviolet (DUV) lasers are currently widely employed in various applications. For instance,
a DUV laser at 260 nm has been applied as an “external seed” of a free-electron laser (FEL) with output
wavelengths as short as 4.3 nm, which would make it possible to do the scientific research beyond the
carbon K-edge [1]. In the industrial applications, laser machining of wide bandgap materials would be
also beneficial from the DUV lasers owing to their characteristics of high photon energy [2].

In the past decades, with the fast development of the solid-state lasers and the nonlinear optical
crystals, high-power DUV lasers at 266 nm/258 nm have been studied by many research groups
fruitfully [3–17]. These DUV lasers are usually generated by fourth-harmonics generation (FHG) of the
near-infrared (NIR) laser at 1 µm as shown in Figure 1. Until now, the highest average output power
of these DUV lasers was 40 W at the wavelength of 266 nm, of which the fundamental light was a
high-power Nd:Y3Al5O12(Nd:YAG) laser at 1064 nm and the nonlinear optical crystal was a CsLiB6O10

(CLBO) [8]. In the scientific and industrial applications, the beam quality of the DUV laser is also an
important parameter. Particularly, the beam quality of the DUV laser dramatically affects the laser
machining results. The beam quality of the DUV laser is determined by that of the fundamental laser
and the crystal for the frequency conversion. Recently, a high-power DUV laser (>10 W) at 258 nm was
reported with a beam quality of M2 < 1.5, which was generated by FHG of a Yb:YAG laser at 1030 nm
using the CLBO crystal [13]. This laser would lead to a better laser machining result compared to the
previous DUV lasers with larger M2.
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Yb:YAG laser at 1030 nm using the CLBO crystal [13]. This laser would lead to a better laser 
machining result compared to the previous DUV lasers with larger M2. 

 
Figure 1. Schematic setup of the solid-state DUV laser by FHG of 1-μm laser (DUV: deep ultra-violet; 
SHG: second-harmonics generation; FHG: fourth-harmonics generation; YAG:Y3Al5O12; BBO: β -
BaB2O4; LBO: LiB3O5; CLBO: CsLiB6O10; KBBF: KBe2BO3F2). 

In terms of the solid-state DUV laser at 193 nm, the laser machining as well as other applications 
such as mask-inspection or lithography require a high-power DUV laser output [4,18,19]. The highest 
output power of the continuous-wave (CW) 193-nm laser was 120 mW by stages of sum-frequency 
generation (SFG) between DUV lasers (wavelength longer than 193 nm) and corresponding NIR 
lasers [4]. For the pulsed lasers, a DUV laser at 193 nm with average power of 300 mW was reported 
and had already been applied to be the seed of a hybrid ArF excimer laser [2,12]. By use of this hybrid 
ArF excimer laser schematics, both high power (>100 W) and high coherence could be obtained at the 
same time, which consists of a solid-state DUV laser seed and an ArF excimer amplifier [2]. A high-
power solid-state DUV seeding laser with high coherence is beneficial to the final output of the hybrid 
ArF excimer laser, and it would also result in suppressing the amplified spontaneous emission (ASE) 
of the amplifier.  

SFG is the most popular method to generate the DUV laser at 193 nm. Typically, a DUV laser, of 
which the wavelength is usually from 200 nm to 300 nm, and a NIR laser play the roles of SFG lasers 
in the nonlinear crystals to generate the 193-nm DUV laser. So far, the highest output power at 193 
nm by following the above SFG schematics was 1 W by two stages of SFG [20]. As aforementioned, 
there is still great demand for power scaling of the solid-state DUV laser at 193 nm. Thus, by the SFG 
schematics, the requirement is to increase both the DUV laser (wavelength longer than 193 nm) power 
and the NIR laser power at the same time. By choosing the appropriate high-power fundamental 
laser at 1 μm as well as the nonlinear optical crystals, the average power of the DUV laser at the 
fourth harmonics of 1 μm could be obtained to be at the 10-watts level in the previous reports. On 
the other side, the power scaling of the NIR laser is another aspect to increase the average power of 
the 193-nm DUV laser. Due to the lack of the high-power amplification solution of the NIR laser (for 
example at 1553 nm), nonlinear frequency processes such as optical parameter oscillation (OPO) 
could be applied to build a wavelength converter by shifting the wavelength from 1 μm to the desired 
wavelength as well as obtaining relative higher power [21]. Recently, a diamond Raman laser showed 
its ability in achieving a high power and a high conversion efficiency at the 1st Stokes of the 1-μm 
laser [22,23], which implies the possibility to be applied in the 193-nm DUV laser generation because 
of its high Raman gain and large frequency shift. 

In this paper, we present a review on the current status of the high-power solid-state DUV lasers. 
The high-power DUV laser at 258 nm was generated by FHG from 1 μm. The development of the 
193-nm laser was demonstrated by stages of SFG. In order to scale the DUV laser power effectively, 
a new concept of the 193-nm DUV laser generation is presented based on the diamond Raman laser. 

2. DUV Laser Generated by FHG of the 1-μm NIR Laser  

Figure 1 depicts the schematic setup of the solid-state DUV laser at the FHG wavelength (258 
nm or 266 nm) of 1-μm laser, and Table 1 lists the typical results by following this setup including a 
result by SFG in the LiB3O5 (LBO) crystal. So far, the highest average output power of it was 40 W, 
which was reported by M. Nishioka et al. in the year 2003 [8] as the improvement result of their 20.5 
W DUV laser in 2000 [9]. The fundamental laser was an Q-switched diode-pumped Nd:YAG green 
laser at the wavelength of 532 nm. The 40 W 266 nm laser was obtained by second-harmonics 
generation (SHG) in a CLBO crystal. Nevertheless, the beam quality of the DUV laser was not good 

Figure 1. Schematic setup of the solid-state DUV laser by FHG of 1-µm laser (DUV: deep
ultra-violet; SHG: second-harmonics generation; FHG: fourth-harmonics generation; YAG:Y3Al5O12;
BBO: β-BaB2O4; LBO: LiB3O5; CLBO: CsLiB6O10; KBBF: KBe2BO3F2).

In terms of the solid-state DUV laser at 193 nm, the laser machining as well as other applications
such as mask-inspection or lithography require a high-power DUV laser output [4,18,19]. The highest
output power of the continuous-wave (CW) 193-nm laser was 120 mW by stages of sum-frequency
generation (SFG) between DUV lasers (wavelength longer than 193 nm) and corresponding NIR
lasers [4]. For the pulsed lasers, a DUV laser at 193 nm with average power of 300 mW was reported
and had already been applied to be the seed of a hybrid ArF excimer laser [2,12]. By use of this
hybrid ArF excimer laser schematics, both high power (>100 W) and high coherence could be obtained
at the same time, which consists of a solid-state DUV laser seed and an ArF excimer amplifier [2].
A high-power solid-state DUV seeding laser with high coherence is beneficial to the final output of the
hybrid ArF excimer laser, and it would also result in suppressing the amplified spontaneous emission
(ASE) of the amplifier.

SFG is the most popular method to generate the DUV laser at 193 nm. Typically, a DUV laser,
of which the wavelength is usually from 200 nm to 300 nm, and a NIR laser play the roles of SFG
lasers in the nonlinear crystals to generate the 193-nm DUV laser. So far, the highest output power at
193 nm by following the above SFG schematics was 1 W by two stages of SFG [20]. As aforementioned,
there is still great demand for power scaling of the solid-state DUV laser at 193 nm. Thus, by the SFG
schematics, the requirement is to increase both the DUV laser (wavelength longer than 193 nm) power
and the NIR laser power at the same time. By choosing the appropriate high-power fundamental laser
at 1 µm as well as the nonlinear optical crystals, the average power of the DUV laser at the fourth
harmonics of 1 µm could be obtained to be at the 10-watts level in the previous reports. On the other
side, the power scaling of the NIR laser is another aspect to increase the average power of the 193-nm
DUV laser. Due to the lack of the high-power amplification solution of the NIR laser (for example at
1553 nm), nonlinear frequency processes such as optical parameter oscillation (OPO) could be applied
to build a wavelength converter by shifting the wavelength from 1 µm to the desired wavelength as
well as obtaining relative higher power [21]. Recently, a diamond Raman laser showed its ability in
achieving a high power and a high conversion efficiency at the 1st Stokes of the 1-µm laser [22,23],
which implies the possibility to be applied in the 193-nm DUV laser generation because of its high
Raman gain and large frequency shift.

In this paper, we present a review on the current status of the high-power solid-state DUV lasers.
The high-power DUV laser at 258 nm was generated by FHG from 1 µm. The development of the
193-nm laser was demonstrated by stages of SFG. In order to scale the DUV laser power effectively, a
new concept of the 193-nm DUV laser generation is presented based on the diamond Raman laser.

2. DUV Laser Generated by FHG of the 1-µm NIR Laser

Figure 1 depicts the schematic setup of the solid-state DUV laser at the FHG wavelength (258 nm
or 266 nm) of 1-µm laser, and Table 1 lists the typical results by following this setup including a result
by SFG in the LiB3O5 (LBO) crystal. So far, the highest average output power of it was 40 W, which
was reported by M. Nishioka et al. in the year 2003 [8] as the improvement result of their 20.5 W DUV
laser in 2000 [9]. The fundamental laser was an Q-switched diode-pumped Nd:YAG green laser at the
wavelength of 532 nm. The 40 W 266 nm laser was obtained by second-harmonics generation (SHG) in
a CLBO crystal. Nevertheless, the beam quality of the DUV laser was not good enough because the
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green laser had a M2 of 10 [8]. In 2006, G. Wang et al. reported a 28.4 W average power DUV laser at
266 nm by SHG of a 532 nm laser with M2 = 6.5 [10]. Q. Liu et al. presented the result of their DUV laser
with average output power of 14.8 W by FHG of a Nd:YVO4 laser at the wavelength of 1064 nm [3].
The output power of the fundamental Nd:YVO4 laser was 160 W with the beam quality of M2

x = 1.28
and M2

y = 1.21. After SHG, the beam quality of green laser was M2
x = 1.44 and M2

y = 1.28. However, the
beam quality of DUV laser will be remarkably decayed due to the large walk-off effect of the β-BaB2O4

(BBO) crystal for FHG to 266 nm [6]. O. Novak et al. reported a 6-W DUV laser at 257.5 nm by FHG in
a CLBO crystal which effectively improved the DUV laser beam quality due to the smaller walk-off
effect of the CLBO crystal [11] comparing to the previous results using BBO crystals [3–6]. However,
the estimated M2 of it was still more than 1.5. From the above-reported results, the key point to obtain
a high-power, high-beam quality DUV laser is to choose a high power fundamental laser at 1 µm with
a good beam quality and proper nonlinear crystals with a smaller walk-off effect for SHG and FHG. A
fundamental laser with a good beam quality is crucial for the final DUV beam quality as well as the
nonlinear crystal with a smaller walk-off angle.

Table 1. Typical results of the solid-state DUV laser at 258 nm & 266 nm (NIR: near-infrared; DUV: deep
ultra-violet; FHG: fourth-harmonics generation; BBO: β-BaB2O4; CLBO: CsLiB6O10; KBBF: KBe2BO3F2;
NSBBF: NaSr3Be3B3O9F4; YAB: YAl3 (BO3)4; SFG: sum-frequency generation).

Wavelength
(nm) FHG Crystal Power/Energy Repetition Rate NIR to FHG

Efficiency (%) M2 (DUV) Reference

266 BBO 14.8 W 100 kHz (~ns) ~10 >1.5 [3]
257 BBO 3.2 W 30 kHz (~ns) 14.5 >1.1 [4]

257.7 BBO 2.74 mJ 1 kHz (~ps) 9.7 <3 [5]
257 BBO 1.1 W 14.5 kHz (~ns) ~31 [6]
258 BBO 4.6 W 796 kHz (~fs) ~5.8 1.3 × 1.6 [7]
266 CLBO 40 W 7 kHz (~ns) <10 >10 [8]
266 CLBO 20.5 W 10 kHz (~ns) 14 >10 [9]
266 CLBO 28.4 W 10 kHz (~ns) <22 >6.24 [10]

257.5 CLBO 6 W 100 kHz (~ps) 10 >1.5 [11]
258 CLBO 3 W 6 kHz (~ns) 35 <1.5 [12]
258 CLBO 10.5 W 10 kHz (~ns) 31 <1.5 [13]
266 KBBF 7.86 W 10 kHz (~ns) <10 >2 [14]
266 YAB 5.05 W 65 kHz (~ns) 6.3 [15]
266 LBO(SFG) 3.3 W 1 MHz (~ns) 14 [16]
266 NSBBF 280 µJ 10 Hz (~ps) 36 [17]

Due to the thermal lens effect in the solid-state lasers, if the heating management is insufficient, it
is not easy to obtain the solid-state laser with a high power and a high beam quality simultaneously.
Recently, with the development of the thin disk laser and single-crystal fiber (SCF) laser, a high-power
laser at the fundamental wavelength (1 µm) had been realized with a good beam quality even with
a TEM00 mode beam [4,24], which would be good candidates for the fundamental of the DUV laser
generation. Another candidate for the fundamental is the high-power fiber laser which could be
achieved by coherent beam combination with M2 value less than 1.1 on both axes of the beam. Hence,
4.6 W DUV laser at 258 nm was obtained by FHG of this fiber laser with an M2 value of 1.3 × 1.6, which
is the highest average power of the femtoseconds laser at this DUV wavelength so far [7]. Additionally,
using the fiber laser as the fundamental, 100-W ultraviolet laser at 343 nm has also been obtained
by third harmonics generation with M2 < 1.4 [25]. Nevertheless, these high-power fiber lasers were
achieved by the coherent beam combination requiring electronics systems to lock different amplifier
channels, which increases the cost and the complexity.

Many kinds of crystals could be used for FHG such as BBO, CLBO, KBe2BO3F2 (KBBF), YAl3
(BO3)4 (YAB), NaSr3Be3B3O9F4 (NSBBF) etc. as shown in Table 1. For FHG from 515 nm to 258 nm,
the efficient nonlinear coefficient (deff) of the BBO crystal is the highest one among these crystals [15].
However, the BBO crystal also has the largest walk-off angle which will lead to a decline of the DUV



Appl. Sci. 2018, 8, 233 4 of 13

laser beam quality comparing to use the crystal with a smaller walk-off angle such as CLBO. LBO is
also an excellent nonlinear crystal which is always applied to the SHG from the NIR to the green. The
DUV laser is usually realized by two stages of SFG in the LBO crystals since there is no phase-matching
angle for LBO to convert the green laser at 515 nm or 532 nm to the DUV directly by SHG [16]. Recently,
the NSBBF crystal has also shown its potential to obtain a high conversion efficiency from 532 nm to
266 nm. The walk-off angle and deff of the NSBBF are almost similar to those of CLBO [17].

The conversion efficiency from fundamental NIR to DUV is from 5% to 36% according to the
reported results in Table 1. Increasing the conversion efficiency will reduce the burden on the design
and setup of the fundamental laser amplifier as well as the electric power consumption. A good beam
quality of the fundamental laser will also contribute to the increasing of the conversion efficiency
as well as the appropriate power intensity of the NIR and green laser in the SHG and FHG process,
respectively. The highest conversion efficiencies from NIR to green and green to DUV laser by use
of CLBO crystal are 70% and around 50%, respectively [12], which corresponds to the conversion
efficiency of 35% from fundamental to DUV. In this report, the average output power of this DUV
laser was 3 W which was limited by the fundamental NIR laser power. Recently, a DUV laser with
10.5 W average power output was reported, and the conversion efficiency was 31% from fundamental
to DUV [13]. Its beam quality was the best for the 258 nm/266 nm DUV laser with the average power
higher than 10 W, of which the M2 is less than 1.5.

This high-power, high-beam quality DUV laser is also following the schematic setup as depicted
in Figure 1. In detail, the fundamental laser was at 1030 nm which was from a master oscillator power
amplifier (MOPA). The frequency conversion stages consisted of a noncritical phase-matching (NCPM)
LBO crystal (5 × 5 × 30 mm3) for SHG from 1030 nm to 515 nm and a CLBO crystal for FHG from
515 nm to 258 nm. The seed laser of the MOPA was a distributed-feedback (DFB) laser diode (LD), and
it was electrically modulated by a pulse generator with the repetition rate of 160 kHz and with a pulse
duration of 10 ns. The repetition rate was lowered down to 10 kHz by an acousto-optic modulator
(AOM). After 3 stages of fiber amplifiers, the signal was amplified to about 2 W. One stage of Yb:YAG
ceramics thin rod (CTR) amplifier and one stage of Yb:YAG SCF amplifier (TARANIS, Fibercryst Inc.,
Décines-Charpieu, France) were used as the main amplifiers. The Yb:YAG CTR was in the dimension
of Φ = 1 mm × L = 40 mm with Yb3+ ion doping of 1 at. % as well as the Yb:YAG SCF. The pump
source of this stage was a 940 nm LD with 100 W output and the output power was 25 W by use of a
double-pass configuration. The Yb:YAG SCF amplifier was pumped by a 200 W LD at the wavelength
of 969 nm which was stabilized with a volume Bragg grating. The Yb:YAG SCF amplifier was a single
pass configuration with 35 W output at 100 W pumping. The conversion efficiency of SHG from NIR
to green and FHG from green to DUV was 73% and 42%, respectively, corresponding to a conversion
efficiency of 31% from NIR to DUV. This was highest conversion efficiency for the DUV lasers with
average powers of more than 10 W. Furthermore, the beam quality was near-diffraction-limited for
both amplifiers (Yb:YAG CTR: M2

x = 1.06 and M2
y = 1.03; Yb:YAG SCF: M2

x = 1.02 and M2
y = 1.04). Hence,

the DUV laser had an excellent beam quality owing to the good beam quality of the fundamental
laser and the optimized frequency conversion stages. The measured value of M2 was M2

x = 1.02 and
M2

y = 1.05 for DUV laser at 3 W. Although the DUV beam became a little worse at 9–10 W (M2
x = 1.37

and M2
y = 1.46), it is still the best laser beam quality with M2 < 1.5 for the DUV laser power more than

10 W [13].
The average power of the NIR laser still has the potential to be improved to tens of watts such

as 70 W [26] if the double-pass configuration could be utilized for the Yb:YAG SCF amplifier stage.
Hence, if the conversion efficiency of 31% from NIR to DUV could be still maintained at this higher
power condition, the average output power of the DUV laser at 258 nm could be more than 20 W,
which would be a remarkable power level for the DUV laser and lead to the unanticipated DUV laser
machining results. Moreover, for high-power DUV laser, the UV damage of the nonlinear crystal,
including the windows for CLBO crystal and the mirrors, is another important parameter for long
term and stable operation. On the other hand, the beam quality of this higher power DUV laser would
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become worse due to more serious thermal and nonlinear effects. Hence, the frequency conversion
processes should be carefully designed to mitigate the aforementioned effects. Thus, a high-power
DUV laser at the FHG of 1 µm with a good beam quality could be obtained and will be beneficial for
obtaining the shorter wavelength DUV lasers such as 193 nm by SFG.

3. DUV Laser at 193 nm

The reported typical results of the solid-state DUV laser at 193 nm in the past decades are listed in
Table 2.

Table 2. Typical results of the solid-state DUV laser at 193 nm (CW: continuous-wave; KABO: K2Al2B2O7).

Wavelength (nm) Method Crystal Power/Engergy Repetition Rate Reference

193 SHG KBBF 15 mW CW [27]
193 SHG KBBF 2.23 mW 8 kHz (~ns) [28]
193 SHG KBBF 1.05 W 1 kHz (~ps) [29]
193 SHG KBBF 0.2 W 6 kHz (~ns) [30]

193.4 SFG (234.1 nm + 1110 nm) CLBO 120 mW CW [18]
193 SFG (221 nm + 1547 nm) CLBO 140 mW 200 kHz (~ns) [31]

193.5 SFG (221 nm + 1553 nm) CLBO 310 mW 6 kHz (~ns) [12]
193 SFG (226 nm + 1342 nm) CLBO 230 mW 6 kHz (~ns) [32]
193 SFG (221 nm + 1553 nm) CLBO 1.02 W 10 kHz (~ns) [20]
193 SFG (235.8 nm + 1064 nm) KABO 0.2 W 10 kHz (~ns) [33]

193.4 SFG (266 nm + 708.6 nm) BBO 2.5 mW 5 kHz (~ns) [19]
193 SFG (258 nm + 774 nm) BBO 2 µJ 20 Hz (~fs) [34]
193 SFG (213 nm + 2100 nm) LBO 770 µJ 60 Hz (~ns) [21]

Two methods are usually applied to generate the solid-state DUV laser at the wavelength shorter
than 200 nm. One is by SHG directly from a longer wavelength; the other one is by stages of SFG.
T. Thao Tran et al. and Y. Yang et al., respectively, summarized the nonlinear optical materials for
DUV generation from 5th to 7th harmonics of Nd:YAG laser at 1064 nm [35,36] by SHG and SFG
including CLBO, KBBF, LBO, BBO, K2Al2B2O7 (KABO) etc. Recently, coherent radiation in the vacuum
ultraviolet (VUV) region was generated with a wavelength as short as 121 nm in strontium tetra borate
(SBO) by “random quasi-phase matching” (RQPM), which was the shortest wavelength generated by
second-order nonlinear optical process in a solid-state material [37]. However, this SBO crystal does
not fit for the high-power DUV laser generation due to the low efficiency of around 10−5.

Table 2 summarizes the typical results of the solid-state DUV laser at 193 nm by use of the different
nonlinear crystals. Among the above crystals, the KBBF crystal is currently known as the only one,
enabling high power and short wavelength directly by SHG [28–30,36,38,39]. For the application
of seeding the hybrid ArF excimer laser, the DUV laser should be at the wavelength of 193 nm. In
2008, H. Zhang reported the result of 2.23 mW at 193 nm average power output directly by SHG in
KBBF [28]. Later, Kanai et al. reported a 1.05 W 193-nm laser also by SHG in KBBF with the pulse
duration of several hundred of picoseconds, of which the fundamental laser was from a Ti:Sapphire
amplifier [29]. This is also the highest average power of 193-nm laser by SHG until now. In 2012, S. Ito
et al. presented a 0.2 W 193-nm laser by SHG in KBBF with nanoseconds pulse which is suitable for
seeding the ArF laser [30]. In addition, CW DUV laser at 193 nm was reported by M. Scholz et al. with
the output power of 15 mW in KBBF by SHG with which the fundamental laser was from an external
cavity laser [27].

The wavelength conversion of SHG to 193 nm by using KBBF was successfully demonstrated
by the aforementioned groups. However, the KBBF should be packed in a prism coupling device
(PCD) consisting of CaF2 or SiO2 prisms to achieve the phase-matching condition [14,29]. Moreover,
KBBF is significantly difficult to be grown into single crystal because of the weak interaction of alkali
metal and fluorine cations [35,36], which limit its potential to be grown into large dimension and to be
applied in generating a higher power 193-nm laser for seeding the hybrid ArF laser. Hence, the SFG
process in other crystals is the practical method for high-power 193-nm laser generation. The cut-off
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wavelength of DUV laser generated by SHG in BBO is limited to 205 nm by a phase matching condition
although its absorption edge could reach down to 189 nm [40]. Nevertheless, the BBO crystal could
be used in SFG process to generate the 193 nm laser. J.J. Jacob et al. reported a 193.4 nm laser by SFG
between a 266 nm and a 708.6 nm laser with the output power 2.5 mW [19]. Even more than 20 years
ago, femtoseconds 193 nm laser was generated in BBO by SFG between 258 nm and 774 nm [34].
Another drawback of BBO crystal is a large walk-off effect, which would deteriorate the SFG laser
beam quality. LBO crystal could also be used for 193-nm laser generation if the wavelengths fulfilling
the phase-matching condition. Hamilton et al. reported the 193-nm laser generation between 213 nm
and 2100 nm in LBO by SFG with the energy of 770 µJ [21]. LBO has a smaller walk-off angle leading
to a better beam quality. However, the efficient nonlinear coefficient is smaller than that of the BBO or
CLBO crystal, which limits the DUV laser power scaling. KABO is also an excellent nonlinear optical
crystal for DUV laser generation. Umemura et al. reported a 193 nm laser with the average output
power of 0.2 W which could run stable for 50 hours although KABO has the smallest deff comparing to
BBO, LBO, and CLBO [33]. For the CLBO crystal, J. Sakuma reported a 120 mW DUV laser output at
193.4 nm by SFG between 234.1 nm and 1110 nm, which is the highest solid-state CW 193-nm laser
until now [18]. Other results of 193 nm generation by SFG in CLBO also could reach to the average
power from 100 mW to 300 mW [12,31,32]. CLBO has a larger deff than LBO and a smaller walk-off
angle than BBO, which means it could lead to a higher power DUV laser with better beam quality at
the same time. Hence, the CLBO crystal is a suitable crystal for 193-nm laser generation. However,
CLBO is more hygroscopic comparing to BBO or LBO crystals. Packaging the CLBO crystal into a cell,
heating the crystal up to more than 150 ◦C, and purging it by use of noble gas is the solution to avoid
these problems [41]. In addition, the previous CLBO crystal for FHG to DUV laser at 258 nm was also
treated in the above conditions.

In terms of the experimental setup, the two laser wavelengths for SFG should be chosen carefully
in order to satisfy the phase-matching condition of the nonlinear optical crystals. The Nd:YAG, Yb:YAG,
Nd:YVO4 and Yb-doped fiber lasers could achieve both high power and high beam quality. According
to the published results for generating 193 nm, these NIR lasers were used for the fundamental of
a DUV laser with the wavelength longer than 193 nm such as 258 nm (4th harmonics) [12], 213 nm
(5th harmonics) [21]. By use of nonlinear processes such as OPO, the 1-µm NIR laser is converted
to longer wavelengths [19,21,28], which extends the available laser wavelengths for SFG. Using the
Er-doped fiber laser at 1550 nm together with the 1-µm NIR laser, the final target of the 193 nm laser is
achieved without involving the complex and unstable nonlinear OPO process [12,31,42].

Recently, 310 mW DUV laser at 193 nm was generated by stages of SFG in the CLBO crystals. The
schematic setup for this 193 nm laser was shown in Figure 2. The 193-nm laser was generated by two
stages of SFG process between a 258 nm laser generated by FHG of a 1030 nm laser and a 1553 nm laser.
The 1030 nm laser was based on an Yb-doped hybrid amplifier and the 1553 nm laser was from an
Er-doped fiber amplifier. The 1030 nm laser and the 1553 nm laser were synchronized by a commercial
available delay/digital pulse generator. The LBO crystal was utilized for the SHG to 515 nm and
the CLBO crystals were used for FHG to 258 nm, SFG to 221 nm, and SFG to 193 nm. The generated
193 nm laser was operated at 6 kHz with pulse duration of 4 ns. The average power was 310 mW
and the linewidth was about 4 GHz, which satisfied the needs for injection-seeding the hybrid ArF
excimer laser [2,12]. As a higher-power 193 nm laser was needed to increase the signal-to-ASE-ratio
of the hybrid ArF excimer laser output, a watt-level 193-nm laser has been generated due to this
requirement [20].
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4. DUV Laser Generation Based on Diamond Raman Laser

In this section, a new method to generate the 193 nm DUV laser is introduced, which is based on
the diamond Raman laser scheme. In terms of the above methods of the 193 nm generation with 258 nm
and 1553 nm, there is a limitation for its power scaling. The power of 258 nm laser is improved to
more than 10 W while the power of the 1553 nm laser is limited because of the lack of the amplification
medium and methods. The output power of the current Er-doped fiber amplifier is less than 2 W
which is limited due to the stimulated Brillouin scattering [42]. For the solid-state laser, the average
output power was also no more than 1 W [43]. Hence, this longer wavelength is usually generated by
use of OPO process pumped by the Nd- or Yb-doped lasers.

In the past few decades, many Raman materials have been studied [44–46], which showed the high
conversion efficiency to the first Stokes light from 1 µm. The stimulated Raman scattering (SRS) laser
is remarkable for the momentum conservation automatically determined by the scattered phonons,
which will induce the Stokes light beam to be a high quality [22,47]. Particularly, by use of the chemical
vapor deposition (CVD) diamond, the diamond Raman laser depicted a high power result of 100 W [22]
and a high slope efficiency of 84% approaching the quantum limit [23]. In detail, the most interesting
advantages of diamond includes the high Raman gain (pumping at 1030 nm, gR = 13.5 ± 2.0 cm/GW)
and the large frequency shift of the 1st order Raman mode (1332.5 cm−1) [22,48], which could achieve
a high-power operation and a sufficient frequency shift. Moreover, the high thermal conductivity
(2200 W/m·K), which is two to three orders of magnitude higher than conventional Raman materials,
and the low thermal expansion coefficient of diamond (1.1 × 10−6 K−1) will be helpful for power
scaling to a high level as well as its high damage threshold [45–48]. Another important advantage of
the diamond is the broad transmission band. Recently, the longest solid-state Raman laser wavelength
was obtained in the 3-µm region in a CVD diamond, showing a new pathway to the mid-IR laser and
the possibility to cover from NIR to mid-IR wavelength [49]. Hence, by choosing a suitable Raman
wavelength, a high-power 193 nm laser will be effectively generated by stages of SFG.

Figure 3 demonstrates the conceptual setup of the high-power 193 nm laser by the diamond
Raman laser. The idea is also basically based on two stages of SFG process. The first DUV wavelength
is at 260 nm, which is the FHG of a 1040 nm laser. Meanwhile, the wavelength of the NIR laser is
1512 nm, which is the second Stokes wavelength of a 1078 nm laser and generated by a diamond
Raman laser. Both the 1040 nm and 1078 nm laser come from one dual-wavelength Yb-doped fiber
laser. Each laser is amplified by stages of fiber amplifier and Yb-doped materials amplifier, respectively.
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The Yb-doped materials amplifier could be a Yb:Lu2O3 [50] or a Yb3+:CaCdAlO4 [51] laser at
both wavelengths (1040 nm & 1078 nm). For the frequency conversion by nonlinear crystals to short
wavelengths, the 1040 nm laser generates the green laser at 520 nm by SHG using the LBO crystal, and
then the DUV laser at 260 nm will be generated by SHG from 520 nm by use of the CLBO crystal. On
the other hand, the 1078 nm is the pump laser of the diamond Raman laser; its 2nd Stokes wavelength
of 1512 nm will be the NIR laser for the following SFG processes to 193 nm. Hence, a DUV laser at
222 nm will be achieved by SFG between the 260-nm laser and the 1512-nm laser. The 193-nm laser will
be generated by the second stage SFG between the 222-nm laser and the residual of the 1512-nm laser.

We first used a Yb:YAG laser at the wavelength of 1030 nm as the pump of the diamond Raman
laser, which is the proof-of-principle experiment. For this proof-of-principle experiment, the Raman
laser setup is depicted in Figure 4, of which is a short Raman laser cavity with a small piece of
diamond inside it pumped by a 1030 nm laser [52]. The 1030 nm laser is from a 10 kHz Yb:YAG CTR
amplifier with the average power of 27 W. The diamond is made by CVD process with a dimension
of 6 × 6 × 1.5 mm3 and with anti-reflection (AR) coating of the pump, the 1st and the 2nd Stokes
wavelengths. The beam radius of the 1030 nm pump laser is about 700 µm [52]. The diamond crystal is
pumped in the direction of <110>. The Raman laser cavity is a short and linear cavity with the length
of 25 mm including an input concave mirror (M1) with R = 75 mm and an output coupler (OC) with
R = 50 mm. The coating of M1 is high transmission (HT) at 1030 nm and high reflection (HR) at the 1st
(1194 nm) and the 2nd Stokes wavelength (1420 nm) of 1030 nm. The OC is HR for both 1030 nm and
1194 nm. The transmission of OC at 1420 nm was tried with three different values of 5%, 20%, and
50%. Two reflection mirrors (BB1-E04, Thorlabs Inc., Newton, NJ, USA) were applied to filter out the
fundamental light, and the 2nd Stokes wavelength of 1420 nm was detected.
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The Raman laser achieved lasing at the wavelength of 1420 nm when the pump laser power was
above the threshold power. As shown in Figure 5, the threshold power was 1.25 W and 1.5 W for
the 5% and 50% OC, respectively. The threshold power for 20% OC was between 1.25 W and 1.5 W.
During the cavity alignment to achieve the 2nd Stokes wavelength, the AR coating of the front surface
of the diamond was easily damaged by the reflected pump beam back from the OC when the pump
laser (1030 nm) power was higher than 3 W. This was because of the imperfect design of the current
Raman laser cavity. Not only the AR coating of the diamond surface but also the coating of the input
mirror M1 was damaged by the returned pump laser. The values of the intensity of the returned pump
laser at M1 and the front surface of the diamond were estimated to be 0.6–1 J/cm2. The pump power
was limited to 3 W to prevent the damages inside cavity for 5% and 20% OC. For the 50% OC, the
pump power was carefully increased to about 4 W during the experiment, which was still at a lower
power level in order to avoid the damage of the M1 and diamond. The HT coating of the pump beam
at OC or the change of the radius of the curvature of could solve this issue to realize the higher power
operation. At the pump power of 3 W, the output power of the Raman laser was 130 mW, 293 mW
and 325 mW using 5%, 20%, and 50% OC, respectively. By use of the 50% OC, the highest average
power of this Raman laser was 0.586 W when the pump laser was 4.2 W as shown in Figure 5, with the
slope efficiency of 23% which was comparable to the previous reported results. The spectrum of the
generated 2nd Stokes after the two reflection mirrors was measured by a spectrometer (NIRQuest512,
Ocean Optics Inc., Largo, FL, USA) as shown in Figure 6.
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The pulse duration of the second Stokes light was shortened to 5 ns as shown in Figure 7a, a
single-shot picture from the oscilloscope, which is a common phenomenon in Raman laser [44] while
the pulse duration of the pump laser was 10 ns. The beam profile shown in Figure 7b demonstrated a
good beam quality as one of the merits of Raman laser, which would be beneficial to generate a 193-nm
DUV laser with a high quality beam.
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According to the proof-of-principle experiment, the conversion efficiency of 23% implied the
possibility of achieving high-power at the second Stokes wavelength of the Raman laser. If the pump
laser of 1078 nm could be obtained at the average power of 50 W, the output power of its 2nd Stokes
wavelength at 1512 nm could be more than 10 W. The design of the Raman laser cavity should be
optimized in order to avoid the damage of the M1 and diamond surface. For instance, the current
concave OC could be replaced by a plane mirror which could mitigate the power density on the
surface of M1 and the diamond. Moreover, using high damage threshold coatings for M1 and diamond
would also improve the output power without any damages. Then, the NIR laser at the 2nd Stokes
wavelength could be high enough, as well as its good beam quality, to generate the final DUV laser at
193 nm with a high average power.

5. Conclusions

We summarized the current development status of the high-power DUV laser both at the
wavelength of FHG of the 1-µm laser and at 193 nm. The recent development of the solid-state/fiber
laser, as well as the nonlinear optical crystals, prompts not only the average power but also the beam
quality (coherence) of the DUV lasers to an unprecedented level. Moreover, combining the solid-state
laser with other nonlinear process such as stimulated Raman scattering, NIR lasers could be achieved at
new wavelengths with high power and high beam quality, which was tested by the proof-of-principle
experiment. This Raman laser scheme provides a new route to the high-power DUV laser, especially at
the wavelength of 193 nm.
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