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We develop a mode-locked Cr:ZnS polycrystalline laser
using single-walled carbon nanotubes (SWCNTs) that
have resonant absorption at the wavelength of 2.4 µm.
The laser generates ultrashort pulses of 49 fs duration,
2.4 µm center wavelength, and 9.2 THz (176 nm) spectral span at a repetition rate of 76 MHz. We also confirm self-starting of the mode-locked operation. SWCNTs, if appropriately controlled in terms of their diameters, prove useful as ultrafast, saturable absorbers in
the mid-infrared region. © 2019 Optical Society of America

Recently, Cr2+ -doped chalcogenides have attracted increasing attention as laser media that realize femtosecond oscillation
directly in the mid-IR region. Kerr lens mode-locking (KLM)
for Cr:ZnSe single crystals was first reported in 2009 [13]. KLM
for Cr:ZnS was also realized with single crystals [14] and with
polycrystalline materials [15]. To date, a 29-fs (3 cycles) pulse
has been generated by applying KLM to a Cr:ZnS polycrystal
[16]. Although KLM is promising for the generation of shorter
pulses, it requires sophisticated optical alignment and some
perturbation to initiate mode-locking, and an additional mechanism to stabilize mode-locking.
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An alternative favorable approach for mode-locking is to use
saturable absorbers (SAs). A mode-locked Cr:ZnS/Se laser using a semiconductor saturable absorber mirror (SESAM) was
reported in 2006 [17] and 2012 [18]. SESAMs, however, tend to
interrupt pulse shortening because of their narrow resonance.
Carbon nanomaterials have fascinating properties as ultrafast
SAs. In fact, single-walled carbon nanotubes (SWCNTs) have
been applied to realize stable mode-locking in Yb-, Er-, and
Tm:Ho-doped glass fiber lasers [19] and in some solid-state
lasers [20]. To date, there has been only one report on the application of SWCNT to Cr:ZnS mode-locking [21]. In ref.[21],
SWCNTs had a diameter of 1.2–1.8 nm and therefore would
not have had resonant absorption at the lasing wavelength of
2.4 µm (though the detailed absorption properties in the midIR region were not described). Traditionally, the saturable absorption of such SWCNTs is known to be inefficient at 2.4 µm
and the self-start mode-locking has not been observed in this
S absorption
wavelength range. S. Xu, et al. [22] showed that E11
(located at 1.8 µm) has a low saturation fluence and large modulation depth at resonance, but that photo-induced absorption
dominates over saturable absorption at photon energies below
S resonance. It was also reported that spectral broadening
the E11
obtained with SWCNT-SA is smaller than that obtained with
graphene SA [23]. Therefore, graphene is now favorably used
for mode-locked Cr:ZnS/Se lasers [24, 25].

1. INTRODUCTION
Ultrafast light sources in the mid-infrared (mid-IR) region (λ
= 2–20 µm) have great importance in the applications of two
different areas, vibrational spectroscopy and strong-field phenomena. In the former area, short temporal duration and broad
spectral span in the molecular fingerprint region, as well as
superior spatial coherence of mid-IR femtosecond pulses, are
bringing about innovative advances such as time-resolved nonlinear spectroscopy [1–3], dual-comb spectroscopy [4, 5], and
their extensions to nanoscale imaging [6, 7]. In the latter area,
the ability of mid-IR pulses to apply strong electric fields at relatively low frequencies is advantageous in achieving larger ponderomotive energy and the resultant higher cut-off energy in
gaseous high-harmonic generation [8]. They have also proved
suitable for driving various strong-field phenomena in solids
while avoiding material damage [9–12]. In these studies, midIR pulses were typically prepared by the frequency conversion
of near-infrared pulses generated from Ti:sapphire or Yb:KGW
lasers. These traditional approaches, however, have intrinsic
issues of low energy extraction efficiency, system complexity,
degradation in spatial/temporal profiles, and instability.

© 2019 Optical Society of America. One print or electronic copy may be made for personal use only.
Systematic reproduction and distribution, duplication of any material in this paper for a fee or for commercial purposes, or modifications of the content of this paper are prohibited.
https://doi.org/10.1364/OL.44.001750

Letter

Optics Letters

2

In this letter, we employ a transmission-type SWCNT-SA
whose absorption resonance is located at the Cr:ZnS emission
wavelength of 2.4 µm, for mode-locking in a Cr:ZnS polycrystalline laser. We realize stable continuous wave (CW) modelocking with 49 fs pulse duration and 176 nm (9.2 THz) spectral span at the central wavelength of 2.4 µm and a repetition
rate of 76.0 MHz. In addition, we confirm self-starting of the
mode-locked operation with a build-up time less than 100 µs
and achieve central wavelength tuning in the range of over 400
nm span. The results prove that SWCNTs, if appropriately controlled in terms of their diameters, prove useful as ultrafast SAs
in the mid-IR region.

put coupler (OC, T = 2.5 %, and 10 %, GDD = 0 fs2 ), where GDD
denotes the group-delay dispersion. The distance between M1
and OC is ∼1220 mm, that between M2 and M3 is ∼510 mm,
that between M3 and M4 is 144 mm, and that between M1 and
M2 is 106 mm. Thus, the total round-trip distance is ∼3.95 m.
We control the round-trip GDD by inserting a CaF2 plate (and a
sapphire plate) between CM and OC at the Brewster angle. We
do not compensate the third-order dispersion. Saturable absorption is induced by a SWCNT film (dimensions 10 mm × 10
mm) on a 2-mm-thick CaF2 substrate placed between M3 and
M4. When the oscillation wavelength is tuned, a CaF2 prism is
inserted and the angle of the output coupler (OC2) is adjusted.
At cw oscillation, the slope efficiency of 12.6 % and the wavelength tunability of 600 nm are achieved with 2.5 % OC.
The SWCNT film is synthesized on a microporous filter by
an aerosol CVD method (see Fig. 1(b) for its scanning electron
microscope image) [26, 27], and then transferred onto a 2-mmthick CaF2 substrate by a dry transfer process. This process is
simpler and more rapid than the wet process, which is used
when graphene is transferred from copper to dielectric substrates. This simplicity keeps SWCNT films from including of
impurities that would cause undesirable parasitic oscillation.
Figure 1(c) shows the transmittance spectrum of the SWCNT
film on a CaF2 substrate measured by a spectrophotometer and
a Fourier-transform IR spectrometer. We clearly see that the
S band occurs at the Cr:ZnS
absorption originating from the E11
emission wavelength of 2.4 µm. From the relationship between
S resonance [28], our SWCNT diameter
the diameter and the E11
is estimated to be 2.2 ± 0.3 nm. We consider that the observed
linewidth of 500 nm in full width at half maximum (FWHM)
is favorable for shorter pulse generation, because it enables
amplitude modulation throughout the broad emission spectral
range.
All of the experiments are performed in a standard laboratory environment. The pulse train is detected by a fast MCT
detector (VIGO, PEM-10.6) and monitored by an oscilloscope.
The spectrum is measured by a Czerny–Turner monochromator, and a wavelength-extended InGaAs detector. The measured data are calibrated with respect to diffraction efficiency
and detection sensitivity. The pulse duration is measured by the
fringe-resolved auto-correlation method, where we use twophoton absorption on an InGaAs detector. We use sech2 as a
fitting function to estimate the pulse duration.

2. EXPERIMENTAL SETUP

3. RESULTS AND DISCUSSIONS

The experimental setup is shown in Fig. 1(a). An Er-doped
fiber laser (EDFL) (IPG-Photonics, ELR-LP-10, <10 W) is used
as a pump source. It emits linearly polarized cw light at 1.567
µm. By using an AR-coated BK7 lens ( f = 70 mm), the pump
beam is focused onto the laser crystal (1.9 mm-thick Cr2+ :ZnS
polycrystalline, Cr concentration of 5.1 × 1018 cm−3 , GVD =
118 fs2 /mm at 2.4 µm), which is mounted on a copper heat
sink at the Brewster angle. Here GVD denotes the group velocity dispersion. The diameter of the pump beam is calculated
to be ∼ 45 µm at the laser crystal. A half of the pump beam
transmits through the gain media, and the transmittance remains constant for our used pump-power range. In order to
avoid unexpected thermal effects, the laser crystal is wrapped
by an indium foil and cooled by flowing water at room temperature. The astigmatically compensated Z-fold optical cavity
consists of four concave mirrors (R = 100 mm, GDD = 0 fs2 ), one
chirped mirror (CM, GDD = −100 fs2 per bounce) and an out-

Figure 2(a) shows the output power from our Cr:ZnS laser with
2.5 % OC as a function of the pump power. As represented
in Fig. 2(a), the oscillation regime transits from cw oscillation
(CW), to Q-switched mode-locking (QML), and to cw modelocking (CWML) with increasing pump power. Figure 2(b)
shows the oscilloscope trace of the pulse trains observed for the
stable CWML regime. Further increases in the pump power
(beyond 7.6 W) brings about multipulse oscillation or unstable pulsation. Here, we note that self-starting of the modelocked oscillation is observed and stable CWML continues for
more than several hours, for the output power between 132
and 152 mW. When the pump power is increased from 5.5 to
7.6 W, CWML easily collapses due to small mechanical vibrations. Figure 2(c) shows the RF spectrum of the oscilloscope
trace measured for a 0.15-MHz span with the resolution bandwidth (RBW) of 100 Hz. It peaks at 75.97 MHz, in agreement
with the round-trip distance of 3.95 m. The signal-to-noise ra-

Fig. 1. (a) Schematic of the Z-fold optical cavity with SWCNT-

SA. M1–4 are concave mirrors with ROC = −100 mm. CM is
a chirped mirror with GDD = −100 fs2 per bounce. OC is an
output coupler with 2.5 % or 10 % transmission. When the oscillation wavelength is tuned, a CaF2 prism is inserted and
the angle of the output coupler (OC2) is adjusted. The output
properties are measured by a fast-MCT detector, a spectrometer, and a fringe-resolved auto-correlator. A CaF2 window is
inserted in front of the auto-correlator for dispersion compensation. (b) Scanning electron microscope image of our SWCNT
film. (c) Transmission spectrum of the SWCNT film.
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Fig. 2. Output properties of the Cr:ZnS laser oscillation: (a)
pump power dependence of the output power, where crosses
represent cw oscillation, triangles represent Q-switched modelocking, and circles represent cw mode-locking; (b) an oscilloscope trace of the pulse train; (c) the RF spectrum measured
with RBW of 100 Hz (inset: the RF spectrum of 2-GHz span
measured with RBW of 100 kHz); and (d) transient output
power (red) showing build-up process of mode-locking, measured by modulating the cavity loss (black) at 1 kHz.

Fig. 3. CW mode-locking properties of our Cr:ZnS laser us-

ing SWCNT-SA: (a) pulse duration and spectral FWHM for
varied round-trip GDD (the filled markers are for a 2.5 % OC
and the blank markers are for a 10 % OC); (b) power spectrum
measured for varied output power; (c) green: the measured
interferometric auto-correlation, red: the retrieved intensity
autocorrelation; and (d) the measured spatial beam profile (the
white curves represent the Gaussian intensity distribution intersected horizontally and vertically).
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tio of 75 dB confirms stable CWML. Here, we estimate the pulse
energy to be 2.5 nJ for the averaged output power of 186 mW.
In order to investigate the self-start properties of modelocking, we place a mechanical chopper (Thorlabs, MC1000A)
at one of the cavity arms and damp the oscillation at 1 kHz.
The time-evolution of the output power shown in Fig. 2(d) indicates that the lasing regime dynamically transits from cw oscillation to QML, and to CWML. This proves that the self-start
mode-locking is realized. The build-up time is dependent on
the chopping frequency but is always less than 100 µs.
From Fig. 2(a), it is estimated that CWML is initiated when
the intracavity optical power reaches 50 nJ. Considering the calculated spot size at SWCNT-SA of approximately 320 µm, the
QML threshold in terms of optical fluence at SWCNT-SA is 24
µJ/cm2 and the CWML threshold is 71 µJ/cm2 . The former
value is comparable with the one previously reported as the
CWML threshold [21]. The appearance of QML indicates that
our SWCNT-SA has a large modulation depth at 2.4 µm [29].
Therefore, we may achieve CWML at a reduced threshold by
reducing the SWCNT number density. Throughout our experiments, no degradation of saturable absorption and no optical
damage of the SWCNT film is observed. Note that the maximum optical fluence at SWCNT-SA is 139 µJ/cm2 .
Figure 3(a) shows the spectral bandwidth and the temporal
duration (both in FWHM) of the output pulse at varied roundtrip GDD (at 2.4µm), for each of the OC efficiencies of 2.5 %
and 10 %. Here, the round-trip GDD is varied by inserting a
CaF2 plate of different thickness (3, 7, and 9.35 mm, GVD =
−48 fs2 /mm) and by inserting additionally a sapphire plate
(3 mm, GVD = −246 fs2 /mm). For each condition, we adjust
the pump power (within the range of 4.9-8.4 W) and perform
slight alignment to realize the broadest possible spectrum. It
should be noted that the results shown in Fig. 3(a) are measured when the repetition rate is 90.2 MHz, but we believe that
such a moderate change in the repetition rate does not affect the
trends presented in Fig. 3(a) (all the data shown in this paper
except for Fig. 3(a) are for the repetition rate of 76 MHz). Regardless of the OC efficiency, it is commonly observed that the
spectral bandwidth (the pulse duration) increases (decreases)
as GDD increases from large negative values to −290 fs2 . The
power spectrum is sech2 -shaped (not shown) when the roundtrip GDD is less than or equal to −290 fs2 . This indicates that
mode-locking is achieved in the soliton regime. As shown in
Fig. 3(a), the broadest pulse spectrum is obtained for the OC
efficiency of 2.5 % and the round-trip GDD of −290 fs2 (2-mmthick CaF2 substrate for supporting the SWCNT film and 3mm-thick CaF2 plate for dispersion compensation). When we
increase GDD to a smaller negative value than −290 fs2 , the
power spectrum deviates from the sech2 -shape and starts to resemble the spectral shape typical for chirped-pulse oscillation.
Figure 3(b) displays the power spectrum measured for the
round-trip GDD of −290 fs2 and the repetition rate of 76 MHz
while varying the pump power as 3.9, 4.9, 5.5, 6.2, and 7.3
W (correspondingly, the averaged output power varies as 116,
144, 162, 167, and 186 mW). Each of the spectra has a sech2 shaped main peak and a Kelly sideband. As the pump power
increases, the spectral width increases from 5.3 THz (110 nm)
to 9.2 THz (176 nm). The Fourier transform-limited pulse duration estimated from the broadest spectrum (the output power
of 186 mW) is 29 fs, which corresponds to 3.6 cycles at 2.4 µm.
Figure 3(c) displays the fringe-resolved auto-correlation signal
measured for the averaged output power of 186 mW. Here, the
pulse duration in FWHM is estimated to be 49 fs (6.1 cycles at
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Fig. 4. Obtained power spectrum of the wavelength-tunable

mode-locked Cr:ZnS laser. The center wavelength is continuously tuned by adjusting the angle of OC2.
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2.4 µm and the time–bandwidth product of 0.45). The deviation from the Fourier transform-limit may come from residual
GDD and higher-order dispersions. Note again that the dielectric mirrors of M1, M2, M3, M4, and CM have high reflectance
at 2100–2600 nm and the round-trip GDD is controlled, but the
third-order dispersion is not compensated. Figure 3(d) shows a
typical beam profile of the mode-locked pulse, measured by a
pyro-electric beam profiler. It represents sufficiently good beam
quality with an ideal Gaussian profile in both the horizontal
and vertical directions, and with an ellipticity of 0.96.
Finally, we demonstrate the wavelength tuning of the modelocked operation. Here, we tune the central wavelength by inserting a CaF2 prism and by adjusting the angle of OC2 (10
% transmittance) ,where we maintain the repetition rate as 76
MHz. As Fig. 4 shows, stable CWML is achieved for the central
wavelength in the range of 1984–2395 nm. This tunable range
is probably limited by the reflectance bandwidth of the mirror
coatings (2100–2600 nm) and re-absorption of the Cr:ZnS polycrystal at short wavelength. At long wavelength, it would be
limited by water vapor absorption and the large negative GDD.

16.

4. CONCLUSION

25.

We demonstrate a passive mode-locking of a Cr:ZnS laser by
S resonant absorption
utilizing a SWCNT film that exhibits E11
at 2.4 µm. The stable CWML with a pulse duration of 49 fs, a
spectral bandwidth of 9.2 THz (176 nm), and a pulse energy of
2.5 nJ is achieved at a repetition rate of 76 MHz. To the best
of our knowledge, this is the first report on the self-starting
mode-locking, and the shortest pulse duration, achieved with
Cr:ZnS lasers using SWCNTs.. We also prove that the central
wavelength is tuned in the range of 26 THz (400 nm) by using a prism. Our work indicates that SWCNTs, if appropriately
controlled in terms of their diameters, are useful as ultrafast
saturable absorbers in the mid-IR region, and we believe it is
possible to engineer the SWCNT film toward higher slope efficiency, lower threshold, and fewer-cycle pulse generation.
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