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Abstract: Graphene has proved to be an excellent broadband saturable absorber for mode-
locked operation of ultrafast lasers. However, for the mid-infrared (mid-IR) range where 
broadly tunable sources are in great needs, graphene-based broadly tunable ultrafast mid-IR 
lasers have not been demonstrated so far. Here, we report on passive mode-locking of a mid-
IR Cr:ZnS laser by utilizing a transmission-type monolayer graphene saturable absorber and 
broad spectral tunability between 2120 nm and 2408 nm, which is the broadest tuning 
bandwidth ever reported for graphene mode-locked mid-IR solid-state lasers. The recovery 
time of the saturable absorber is measured to be ~2.4 ps by pump-probe technique at a 
wavelength of 2350 nm. Stably mode-locked Cr:ZnS laser delivers Fourier transform-limited 
220-fs pulses with a pulse energy of up to 7.8 nJ. 
©2016 Optical Society of America 
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1. Introduction 

In the history of solid-state laser developments, passive mode-locking utilizing saturable 
absorbers (SAs) is one of the most important steps for achieving ultrashort pulses. Various 
SAs, such as organic dyes, dye-doped solids and transition-metal-ion-doped crystals [1], have 
been recently proposed. Their usefulness, however, has been limited by disadvantageous 
factors including toxicity, low durability, and narrowband spectral coverage. In 1992, 
semiconductor saturable absorber mirror (SESAM) was introduced with the possibility of 
custom designs by controlling important parameters such as saturation fluence and recovery 
time for the first time [2]. The flexible parameter customization combined with robust 
fabrication procedures makes SESAMs widely preferred passive mode-locker for ultrashort 
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pulse generation and revolutionized ultrafast laser technology, even though they require 
sophisticated fabrication procedures and exhibit narrowband nonlinearity [3]. 

As an alternative approach to SESAMs, single-walled carbon nanotubes (SWCNTs) have 
emerged as broadband SAs for fiber [4–7] and bulk solid-state lasers [8–12]. The broadband 
characterization suggests that SWCNTs can support saturable absorption in a wide spectral 
range from visible to near-infrared (near-IR) up to ~2.1 μm [13]. For accessing even to longer 
wavelengths, two dimensional carbon nanostructures, i.e. graphene which possesses linear 
energy dispersion and point-bandgap structure, turned out to be a very promising absorber 
material [14–16]. Compared to SESAMs, graphene allows the extension of operation 
wavelength and the fabrication of homogeneous large-area devices [17,18]. In particular, 
ultrafast nonlinear optical properties of intrinsic graphene-SAs fall within a desirable range 
with modulation depth (about 0.5%) and saturation fluence (tens of μJ/cm2) comparable with 
those of SWCNT-SAs and SESAMs [3,11,15,19]. Furthermore, graphene shows superior 
nonlinear response times with a fast (100 - 200 fs) and a slow (1 - 1.5 ps) decay component 
attributed by carrier-carrier/carrier-phonon scattering and interband recombination processes 
[15–17,19]. By employing different types of graphene-based SAs, passively mode-locked 
solid-state lasers have been successfully demonstrated in various spectral regions between 0.8 
and 2.5 μm [14–16,19–24]. 

The mid-IR wavelength range between 2 and 5 μm is frequently referred to as the 
“molecular fingerprint” region, as various molecules undergo robust vibrational transitions in 
this band [25]. Therefore, increasing demands on stable mid-IR coherent sources are driven 
by molecular spectroscopy and remote sensing, as well as material processing, medical and 
industrial applications [26]. Mid-IR solid-state lasers based on Cr2+-doped ZnS and ZnSe, 
named “Ti:sapphire of the mid-infrared,” operate between 2.0 and 3.5 μm covering an 
important portion of the fingerprint region [25,26]. Compared with Cr:ZnSe, the Cr:ZnS gain 
medium is characterized by higher thermal conductivity, higher damage threshold, better 
mechanical and chemical stability, and lower thermal lensing parameter dn/dT [25,26]. 
Consequently, Cr:ZnS allows the development of broadly tunable high-power femtosecond 
mid-IR lasers. 

Passive mode-locking of Cr:ZnS lasers were recently demonstrated by utilizing different 
SAs, such as SESAM [27], SWCNT-SA [28] and graphene-SA [23,29]. However, the 
fabrication of SESAMs and SWCNT-SAs for mid-IR (> 2.5 μm) solid-state lasers is still 
challenging. The graphene-SA was therefore suggested as a convenient and viable candidate 
for developing ultrafast passive mode-lockers in the mid-IR spectral range. To date, a 
femtosecond Cr:ZnS laser mode-locked by a graphene-SA generated ultrashort pulses as 
short as 41 fs [23], highest pulse energies of up to 2.3 nJ from typical oscillator configuration 
[23] and 15.5 nJ from chirped pulse oscillator demanding extra-cavity pulse compression 
[29]. However, the broadest tuning bandwidth of about 100 nm was obtained only in the 
Kerr-lens mode-locking regime [26]. The combination of the high-quality graphene-SA and 
the excellent properties of the Cr:ZnS as gain medium is expected to significantly enhance 
the laser output characteristics in the mid-IR. 

In this work we fabricated a transmission-type graphene-SA and studied nonlinear 
response of this SA in the mid-IR spectral region for the first time. The monolayer graphene 
mode-locked Cr:ZnS laser operating near 2.3 μm allows the generation of stable 220-fs 
pulses with a pulse energy of up to 7.8 nJ at a repetition rates of 112.2 MHz. By utilizing a 
knife and adjusting the CaF2 prism pair used for dispersion compensation, we were able to 
achieve the broadest tuning bandwidth of ~300 nm in the mode-locked operation. 

2. Characteristics of graphene-SA 

The SA based on high-quality monolayer graphene was fabricated by employing a similar 
method reported in [15]. The CVD synthesized monolayer graphene on a 700-nm thick Cu 
foil was rapidly cooled down. Subsequently, 5 wt:% polymethyl-methacrylate (PMMA) was 
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spin-coated on the graphene as a supporting layer. By wet etching process of Cu in the 0.5 M 
aqueous FeCl3 solution, the layer consisting of graphene and PMMA was transferred onto a 
1-inch-diameter CaF2 substrate, which is highly transmitting in the mid-IR spectral range. 
Finally, the PMMA supporting layer was completely removed using acetone and the 
fabricated monolayer graphene-SA was then ready for the mode-locking experiment. 

 

Fig. 1. Optical characteristics of monolayer graphene saturable absorber. (a) Linear 
transmission and photo image of graphene-SA (inset) and (b) degenerate and non-degenerate 
(inset) pump-probe data with fit curves measured at 2350 nm. 

We investigated linear and nonlinear optical properties of the graphene-SA as shown in 
Fig. 1. From the linear transmission curve depicted in Fig. 1(a), the monolayer graphene-SA 
shows about 2.2% absorption near 2350 nm, which is similar with the theoretically expected 
value of πα ≈2.3% [30]. The inset of Fig. 1(a) shows the photo image of the monolayer 
graphene-SA used in the present work. Four dots on the 2-mm-thick CaF2 substrate indicate 
the boundary edges of the transferred graphene layer. 

The ultrafast nonlinear optical response of the graphene-SA is characterized at a 
wavelength near 2350 nm for the first time, providing useful insights into graphene’s mid-IR 
optical switching capabilities. For degenerate pump-probe measurements, we used an optical 
parametric amplifier (OPA-SOLO, Coherent Inc.) which was pumped by a 1-kHz, 800-nm 
Ti: sapphire amplifier system (Libra, Coherent Inc.) delivering ~100 fs pulses. As shown in 
Fig. 1(b), the measured pump-probe trace shows a biexponential decay of transient 
absorption with an instantaneous response of 0.24 ps and a slow 1/e recovery time of 2.38 ps. 
To clearly verify nonlinear optical characteristics of the graphene-SA in this spectral regime, 
we also performed non-degenerate pump-probe experiments using 800-nm pump and 2350-
nm probe, shown in the inset of Fig. 1(b). The slow decay time of the graphene-SA was 
revealed to be 2.37 ps, which well reproduced that of the degenerate pump-probe 
measurement. The recovery time constants are similar to those of graphene-SAs measured in 
the near-IR [15,19]. Additionally, knowledge about other essential nonlinear optical 
parameters such as modulation depth and saturation fluence would be desirable, but the 
characterization of those parameters in such a long-wavelength region remains still 
challenging. We are currently not able to perform nonlinear transmission and saturation 
measurements because of limited incident powers available from the excitation source used. 
However, based on nearly constant flat linear absorption above 1 μm and recent nonlinear 
transmission measurements at other near-IR wavelengths [15], we could expect a comparable 
modulation depth of about 0.4% and a saturation fluence of about 14 μJ/cm2. 

3. Passive mode-locking of Cr:ZnS laser 

For passively mode-locked Cr:ZnS laser with a graphene-SA, an astigmatically compensated 
Z-fold cavity configuration was used. The experimental setup is shown in Fig. 2(a). A diode-
pumped continuous wave (CW) Er-fiber laser (IPG Photonics, linearly polarized output 
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power up to 20 W) operating at 1550 nm was used as pumping source. The pump beam waist 
was measured to be 1.62 mm before passing a focusing lens (L1) with a focal length of 100 
mm. A 5.0-mm-thick polycrystalline Cr:ZnS crystal (IPG Photonics) with Cr2+ concentration 
of about 8.56 × 1018 cm−3 was used as gain medium and the crystal was mounted on a water-
cooled copper block. The temperature of cooling water was stabilized at 12°C. The crystal 
was placed between two focusing mirrors with a radius of curvature (ROC) of −100 mm, M1 
and M2. The focused pump beam waist in the laser crystal was estimated to be 30.4 μm. This 
allows effective mode matching with the resonator mode, whose beam waist was calculated 
to be from 25 to 35 μm depending on the mirror separation between M1 and M2. Two extra 
concave mirrors with a ROC of −75 mm, M3 and M4, shown in Fig. 2(a), formed the second 
cavity waist (ω0 = 125 μm) for the transmission-type graphene-SA. This provides sufficient 
energy fluence for bleaching the absorption. To minimize the insertion losses, the graphene-
SA was placed at the Brewster angle. The graphene-SA is movable along the beam path 
between M3 and M4 for varying the energy fluence by changing the beam spot size on the 
absorber. For achieving stable and efficient mode-locked condition, the graphene-SA was 
placed near the focus and the beam size ω0 on the graphene was intended to ~135 μm. For 
fine tuning of the intracavity dispersion, a pair of CaF2 prisms was inserted in the longer 
resonator arm containing a flat-wedged output coupler with a 15% transmission at the lasing 
wavelength. The graphene-SA mode-locked Cr:ZnS laser operated stably without any 
enclosures for isolating the laser from environmental influences such as airflow and 
humidity. 

 

Fig. 2. (a) Schematic of the passively mode-locked Cr:ZnS laser with graphene-SA. M1 and 
M2, high reflective mirrors with a ROC of −100 mm; M3 and M4, high reflective mirrors with 
a ROC of −75 mm; OC, output coupler with 15% transmission; P1 and P2, CaF2 prisms; 
Graphene-SA, monolayer graphene SA; L1, 100-mm focusing lens; Pump, diode-pumped CW 
Er-doped fiber laser. (b) Output power from the graphene-SA mode-locked Cr:ZnS laser. 
Solid vertical line indicates the mode-locking threshold. 

Without intracavity dispersion compensation using the prism pair, the passively mode-
locked Cr:ZnS laser produced relatively long femtosecond pulses with a pulse duration of 
630 fs and a spectral bandwidth of 9.7 nm at the central wavelength of 2340 nm, yielding 
time-bandwidth products of 0.335 (assuming a sech2-shaped pulses). The overall round-trip 
group-delay dispersion (GDD) of the cavity was calculated to be around + 1130 fs2. The 
possible reason for measuring nearly transform limited pulses despite positive chirp is 
attributed to 9.5-mm-thick neutral density filters (ND) installed at the entrance of the 
autocorrelator. Passing the filters provides a negative dispersion of about −1710 fs2 (GDDND 

filter = −180 fs2/mm @ 2300 nm) and acts therefore as pulse compressor outside the cavity. 
For providing additional negative GDD inside the resonator and tuning the central 

wavelength in the mode-locked operation, we inserted a CaF2 prism pair into the cavity, P1 
and P2, in Fig. 2(a). A tip-to-tip prism separation of 280 mm, corresponding to a GDD of 
−2160 fs2, was chosen to realize slightly negative net cavity GDD. The overall GDD of the 
resonator, therefore, was estimated to be −1030 fs2. In this configuration, the Cr:ZnS laser 
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was stably mode-locked and output characteristics was then studied in the femtosecond 
mode-locked regime, as shown in Fig. 2(b). Solid vertical line indicates the mode-locking 
threshold, 95 mW output at 1.82 W pump power. Powers up to 880 mW was obtained in the 
pulsed operation at the incident pump power of 8.15 W. Higher output powers could be 
achieved by increasing the pump power, but strong CW components and multiple-pulsing 
tendency could not be suppressed. Without any signature of Q-switching instability and 
multiple pulsing, the laser was stably mode-locked in a whole power range above the mode-
locking threshold and could be sustained for more than half day. 

 

Fig. 3. Graphene-SA mode-locked Cr:ZnS laser: (a) optical spectrum and (b) autocorrelation 
trace. 

Figures 3(a) and (b) show the output spectrum and the autocorrelation trace, measured 
with the WaveScan USB MIR and the PulseCheck USB MIR (A.P.E GmbH), respectively. 
The autocorrelation trace was fitted well by assuming a sech2-pulse shape, yielding the pulse 
duration of 220 fs. The concurrently measured a spectral bandwidth of 27 nm at 2327 nm 
leads to a time-bandwidth product of 0.329, which is close to the transform-limited value. 

 

Fig. 4. Tunable laser spectra from the graphene-SA mode-locked Cr:ZnS laser. 

By adjusting the second prism in combination with a knife, the central wavelength of the 
mode-locked Cr:ZnS laser could be tuned from 2120 to 2408 nm, as shown in Fig. 4. To the 
best of our knowledge, the achieved spectral tuning range of about 290 nm was the broadest 
one ever reported for a graphene-SA mode-locked solid-state laser. The tunability was 
restricted by the limited bandwidth of the dielectric coating of the intracavity mirrors, whose 
reflectivity was dramatically decreased below 2100 nm, and by increased atmospheric 
absorption above 2400 nm. In the same laser configuration but without the graphene-SA, 
broadly tunable CW laser operation over 650 nm was also achieved between 1950 and 2600 
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nm. Due to the spectral limitation of the spectrometer (WaveScan USB MIR), we were not 
able to measure additional spectra above 2600 nm. 

 

Fig. 5. Radio-frequency (RF) spectrum of the fundamental beat note at 112.22 MHz and 1 
GHz wide-span RF spectrum (inset). 

To verify stable mode-locked operation, we also measured radio-frequency (RF) spectra 
(Fig. 5). The fundamental beat note at 112.22 MHz, measured with a resolution bandwidth of 
3 Hz within a 200 kHz span, exhibited a pedestal peak separation of 65.1 dB relative to 
carrier (dBc). The inset of Fig. 5 shows a 1 GHz wide-span RF measurement of the signal. 
Two RF spectra with a high extinction ratio and the absence of any specious modulation 
clearly indicate a stable and clean CW mode-locked operation without unwanted multiple 
pulsing and Q-switching modulation. 

4. Conclusions 

With a high-quality transmission-type graphene-SA, we demonstrated a high-performance 
broadly tunable femtosecond Cr:ZnS laser. In the mid-IR spectral region, nonlinear response 
of the graphene-SA was verified to be ~2.4 ps by degenerate and non-degenerate pump probe 
measurements. The mode-locked Cr:ZnS laser produced transform-limited pulses as short as 
220 fs near 2330 nm. By further optimization of the laser, we expect to achieve even shorter 
pulse duration. In the stable single-pulse regime, average output powers up to 880 mW at 112 
MHz repetition rates were achieved, resulting in a single pulse energy of 7.8 nJ. Thanks to 
broadband nonlinear optical characteristics of the graphene-SA, the central wavelength of the 
passively mode-locked Cr:ZnS laser could be tuned in a wide range of about 300 nm around 
2300 nm, showing the broadest tuning range from the passively mode-locked Cr2+-lasers with 
graphene. 
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