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1. Introduction

Semiconductor disk lasers (SDLs), also known as vertical-exter-
nal-cavity surface-emitting lasers, combine the advantages of
both semiconductor surface-emitting lasers and solid-state disk
lasers and can produce high power and good beam quality
simultaneously!’ >, Meanwhile, the emission wavelength of
an SDL can be designed according to various practical needs;
the external cavity can also be conveniently utilized for nonlin-
ear frequency conversion or mode-locked operation.

Ultraviolet (UV) lasers have large single-photon energy as
well as high spatial resolution and have many applications,
including ion trapping[‘”, quantum information processing[5 ],
laser cleaning!®, and UV spectroscopy”). A frequency-
tripling-based UV continuous-wave (CW) SDL with 23 mW
output power at 327 nm has been reported!®!. Through intracav-
ity third-harmonic generation (THG) in an AlGaInP-based CW
SDL, 78 pW output power and tunable emission wavelength
from 224 to 226 nm have also been reported'”’.

Typically, ultrashort laser pulses can be obtained by mode
locking of an SDL using a semiconductor saturable absorber
mirror (SESAM)[IO]. However, a SESAM needs sophisticated
wafer design and complicated epitaxial growth to meet the target
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The high peak power of picosecond pulses produced by a self-mode-locked semiconductor disk laser can effectively
improve the efficiency of nonlinear frequency conversion. This paper presents the intracavity frequency tripling in a
self-mode-locked semiconductor disk laser, and a picosecond pulse train at 327 nm wavelength is achieved. The pulse
repetition rate is 0.49 GHz, and the pulse width is 5.0 ps. The obtained maximum ultraviolet output power under mode
locking is 30.5 mW, and the corresponding conversion efficiency is obviously larger than that of continuous-wave
operation. These ultraviolet picosecond pulses have high spatial and temporal resolution and can be applied in some
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parameters, including modulation depth, wavelength absorp-
tion, and saturation fluence!''?!, and this limits its application
to a certain extent. Recently, a SESAM free mode-locked SDL, or
self-mode-locked (SML) SDL has been demonstrated.

In the first publication of SML SDL, 2.35 W average output
power with 778 fs pulse duration and 2.17 GHz repetition rate
was performed!"*). Then, by the use of a six-mirror cavity, 930 fs
pulse width, 210 MHz repetition rate, and 1.5 W average output
power of SML SDL were obtained"*. After that, an AlGaInP-
based SML SDL at 666 nm wavelength was presented. The pulse
width was 22 ps, and the repetition rate was 3.5 GHz!'*!,

In this paper, the THG under self-mode locking in an SDL
was achieved for the first time, to the best of our knowledge.
Compared with other methods of mode locking, self-mode lock-
ing needs no additional saturable absorbers such as SESAM and
can make the laser more compact and stable. The produced UV
picosecond pulses possess high spatial and temporal resolution
simultaneously and are a potential candidate for many applica-
tions, e.g., fine micro-nanoprocessing, and the life sciences. In
contrast, the UV CW laser or picosecond infrared laser is less
competitive than the UV picosecond pulse to some extent.
The high peak-power pulses generated by mode locking can sig-
nificantly improve the efficiency of frequency tripling. The
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obtained maximum UV output power and the conversion effi- ~ was measured under about 20 W pump power. It can be seen
ciency of SML SDL are 30.5 mW and 0.092%, which are obvi-  that the laser wavelength is about 14 nm larger than the peak
ously larger than that of CW SDL, 11.7 mW and 0.072%. value of the PL spectrum, and this difference is designed on pur-

pose, since the peak wavelength of the PL spectrum will redshift
at a rate of about 0.13 nm/°C as the temperature is increased.
2. Characteristic of Gain Chip When the laser is under a higher pump, the increased temper-

ature will push the PL spectrum to a longer wavelength, so as to
The epitaxial structure of the gain chip used in the experimentis |1 cet the 980 nm target wavelength.

shown in Fig. 1(a). Its growth sequence on a GaAs substrate Putting the fiber head of the spectrometer perpendicular to
is as follows: an AlGaAs etch stop layer, a GaAs cap layer, an (e surface of the gain chip and placing it at the front end of
AlGaAs window layer, InGaAs/GaAsP multiple quantum e chip, the collected spectrum is called a surface-emitting
wells (MQWs), an AlGaAs/AlGaAs distributed Bragg reflector  py, spectrum. Because it is the spontaneous emission spectrum
(DBR), and a GaAs protection layer. There are 12 InGaAs/  of MQWSs modulated by those epitaxial layers in the gain chip,
GaAsP quantum wells in the active region, and the content of In  he pL, spectrum carries information of the epitaxial structure
in InGaAs is designed to meet the target laser wavelength of 414 can be roughly regarded as a cavity mode of the microcavity
980 nm. The designed center wavelength of the DBR is 980 nm.  j; the gain chip.

In order to check whether the epitaxial quality meets our In view of the fact that the oscillating wavelength in an SDL
design, we measured the reflectivity spectrum of the DBR, the  egsentially depends on the surface-emitting PL spectrum, we
surface-emitting photoluminescence (PL) spectrum, and the investigate the changes in the surface-emitting PL spectrum
laser spectrum; the results are shown in Fig. 1(b). The high  ynder different pump powers and various temperatures. The
reflectivity spectrum of a DBR ranges from 934 to 1016 nm at  meaqured surface-emitting PL spectra with 8 W pump power
the center wavelength of 976 nm, the surface-emitting PL spec-  and different temperatures are plotted in Fig. 1(c), and the rela-
trum has two peaks near 922 and 966 nm, and the laser wave-  tionship between its peak wavelengths and temperatures is
length is about 980 nm. The PL spectrum was measured under described in Fig. 1(d). As can be seen from Fig. 1(d), the slope
low excitation (10 mW pump power), and the laser spectrum 5 0,13 nm/°C, a little bit larger than the temperature coefficient
(0.1 nm/°C) of a GaAs-based cavity mode.

We plot the measured surface-emitting PL spectra under 15°C
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Fig. 1. (a) The epitaxial structure of the gain chip, (b) the DBR reflectivity,
surface-emitting PL spectrum, and laser spectrum, (c) the surface-emitting
PL spectra under various temperatures, (d) the peak wavelengths of surface-
emitting PL spectra versus temperatures, (e) the surface-emitting PL spectra
under various pump powers, and (f) the peak wavelengths of surface-emitting Fig. 2. (a) Schematic and (b) photograph of the experimental setup of the
PL spectra versus pump powers. CW/SML UV SDL.
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100 pm, approximately matched to the laser spot size. Weusea  in the active region of the gain chip and an aperture that could be
plane-concave mirror with a 150 mm radius of curvature as the  either hard or soft. When the pump power is increased to a cer-
folded mirror, and it is high-reflectivity-coated at 980 and  tain value, there will be noise pulses with sufficient strength in
327 nm and antireflectivity-coated at 490 nm. The output cou- the cavity. The saturable absorber can select the pulse that meets
pler (OC) is a flat mirror and is high-reflectivity-coated at 980  the condition of saturation and gradually narrow its width.
and 490 nm and antireflectivity-coated at 327 nm. To change the ~ Finally, a balanced pulse circulating in the cavity is realized,
fundamental wave into a linearly polarized laser beam, so as to ~ and a stable output of the mode-locked pulse train is obtained.

meet the phase-matching conditions in the second-harmonic After obtaining a CW SDL, by carefully adjusting the length of
generation and THG, a Brewster plate with 1 mm thickness is  the resonator and appropriately reducing the pump spot, an
inserted into the cavity. SML SDL can be achieved without inserting any hard aperture.

An LBO crystal is chosen as the nonlinear crystal for fre-  Figure 4 shows the autocorrelation trace (measured by an auto-
quency doubling, and a BBO crystal is employed for the sum fre-  correlator with a > 175 ps scan range and < 5fs resolution)

quency. The 3mm X 3 mm X 5mm LBO crystal is cut for Type-I ~ and the laser spectrum (measured by a spectrometer with a
phase matching, and the 3mm X 3 mm X 5mm BBO crystal is ~ 780-1180 nm wavelength range and 0.18 nm resolution)
cut for Type-II phase matching. Both sides of the LBO and BBO [Fig. 4(a)], the mode-locked pulse train (recorded by an oscillo-
crystals are antireflectivity-coated at 980, 490, and 327 nm. scope with a 10 GHz bandwidth and 50 GS/s sampling rate)
In the experiment, the length of the arm containing the [Fig. 4(b)], and the radio-frequency (RF) spectrum (detected by
Brewster plate is chosen to be about 183 mm, and the distance ~ a spectrum analyzer with a 7.5 GHz bandwidth and 100 Hz-
between the folded mirror and the OC is approximately 123 mm. 1 MHz resolution bandwidth) including the second-, third-,
To make the beam size of the laser on the nonlinear crystal as ~ and fourth-harmonics of the SML SDL. It can be seen from
small as possible, so as to improve the efficiency of the nonlinear ~ Fig. 4(c) that the repetition rate of the stable SML pulses is
frequency conversion, the BBO crystal is put as close to the OC ~ 0.49 GHz (corresponding to the total cavity length of 306 mm).
as possible, and the LBO crystal is placed next to it. The Gaussian fit of the autocorrelation trace in Fig. 4(a) indi-
Figure 3 shows the UV output powers (measured by a photo-  cates a pulse width of about 5.0 ps. Considering the spectral
diode power sensor with a 200-1100 nm wavelength rangeanda  bandwidth of 1.63 nm shown in the upper left corner, it can
50 mW power span) versus pump powers under 15°C temper-  be concluded that the time bandwidth product of the SML pulse
ature when the fundamental SDL is CW. The UV spectrum is 2.54, which is about 5 times the Fourier transform limit of a
(measured by a spectrometer with a 200-800 nm wavelength ~ Gaussian pulse (0.441). This means that there is an obvious
range and 0.6 nm resolution) with a peak wavelength at  dispersion in the pulse, and we think that this dispersion may
327 nm and full width at half-maximum (FWHM) of about  be caused by the nonlinear refractive index in the gain chip
1.15 nm is also shown in the lower right corner. As can be seen,  and the group velocity dispersion in the intracavity elements
the threshold of the UV laser is 2.1 W. When the pump power  such as nonlinear crystals.
reaches 16.6 W, the maximum output power is 11.7 mW, cor-
responding to a UV conversion efficiency of 0.070%, just the
same as the previously reported work in Ref. [8].
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Fig. & (a) Autocorrelation trace, (b) the mode-locked pulse train, and (c) the
Fig. 3. The UV output powers of the CW SDL. The inset at the lower right cor- RF spectrum, including the second-, third-, and fourth-harmanics of the SML
ner is the spectrum of the UV laser. SDL.
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Limited by the spectral sensitivity of our photodetector (an  are 1.15 and 1.21 nm, respectively. For both the 980 nm infrared
800-1700 nm wavelength range), the mode-locked pulse of  laser and the 327 nm UV laser, the spectrum of the SML light is
327 nm UV light cannot be directly measured. We detect the ~ wider than that of CW light. Because the spectra of the CW
leaked 980 nm light at the back of the folded mirror, and ensure lasers are relatively wide, and the mode-locked pulses are of
that the laser is in the mode-locked state through proper adjust-  the magnitude of a picosecond, the above spectral broadening
ment. This can indirectly justify that the UV light is also in the  is not very obvious.
mode-locked state because although the nonlinear crystal will
transform the frequency of the laser and change its temporal
and spectral shape to a certain extent, the way of the pulsed oper- 4. Conclusion
ation of the laser will not be fundamentally changed. In other
words, the mode-locking state will not be changed by the non-
linear crystal. The obtained SML UV output power from the
very same cavity configuration and state is shown in Fig. 5.
The measured beam quality M? factors of the fundamental wave
and the spectrum of UV laser are also plotted at the upper left
and lower right corners.

As can be seen from Fig. 5, the pump threshold of the SML
UV laser is 2.8 W, and the maximum UV output power is
30.5 mW when the pump power is 33.0 W (corresponding to
a UV conversion efficiency of 0.092%). Compared with the out-
put of the CW UV in Fig. 3, both the maximum output power
and the conversion efficiency of the SML UV SDL are obviously
higher than that of CW UV SDL. We attribute this to two rea-  This work was supported by the Cooperation Project between
sons: one is the high peak power of SML pulses (because it is ~ Chongqing Local Universities and Institutions of Chinese
conducive to enhance the conversion efficiency and output ~ Academy of Sciences, Chongqing Municipal Education
power of UV); the other is that the thermal effect of the laser Commission (No. HZ2021007), the National Natural Science
may be alleviated partly under pulse operation, which also helps ~ Foundation of China (Nos. 61904024, 61975003, 61790584,
to increase the output power. The M? factors in the x and y ~ and 62025506), and the Science and Technology Research
directions are 1.03 and 1.00, respectively, thus showing good =~ Program of Chongging Municipal Education Commission
beam quality of the laser. The inserted Brewster plate in the res- (No. KJZD-M201900502).
onator acts as a polarizer and a filter at the same time and can
effectively fix the laser wavelength, so the output wavelength of
the SML UV laser is relatively stable. References
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In summary, we have demonstrated an intracavity THG in a
CW/SML SDL. The wavelength of the obtained UV laser is
327 nm, and the maximum UV output powers of 11.7 mW
under CW operation and 30.5 mW under mode locking are
achieved. The SML SDL produces a stable pulse train with
5 ps duration and 0.49 GHz repetition rate. Compared with
CW SDL, SML SDL produces not only higher maximum UV
output power but also larger UV conversion efficiency. This is
because of the high peak power of the mode-locked pulses.
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