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We experimentally demonstrated a compact single-wall
carbon-nanotube (SWNT)-based deep-red passively
Q-switched Pr3�-doped ZBLAN all-fiber laser operating
at 716 nm. A free-standing SWNT/polyvinyl alcohol
composite film embedded between a pair of fiber connec-
tors was employed as a saturable absorber (SA). The deep-
red Q-switched operation is attributed to the combination
of implementing a pair of fiber end-facet mirrors to achieve
the linear laser resonator and incorporating a SWNT-SA
into the cavity as a Q-switcher. Stable short-pulse genera-
tion with a duration of 2.3 μs was realized. When gradually
increasing the incident pump power, the pulse repetition
rate can be linearly tuned from 32.6 to 86.5 kHz, corre-
sponding to a maximum average output power of 1.5 mW
and the highest single-pulse energy of 18.3 nJ. To the best
of our knowledge, this is the first demonstration of SWNT-
based SA for a Q-switched laser at a deep-red wavelength
∼716 nm. © 2017 Optical Society of America
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All-fiber laser sources have attracted considerable research in-
terest owing to their compact, convenient, and cost-effective
designs. Compared with continuous wave (CW) ones, pulsed
lasers (i.e., Q-switched/mode-locked operation) can achieve
high peak power and release large amounts of energy within
a short temporal duration, thus reinforcing their practical
applications. To date, however, operation wavelengths for
short-pulse lasers have been essentially limited in the near-infra-
red region. In order to open up new application fields, there is a
growing interest to achieve short-pulse generation for shorter
wavelengths than those of the communication window. For

example, using pulsed all-fiber lasers at the visible spectral range
proves useful for a number of applications fields, such as
biology and microscopy. In particular, a deep-red wavelength
at around 700 nm, which is characterized by the absence of
strong absorption by water, blood, and hemoglobin, holds a
lower optical scattering within the dermis [1–3]. Such a feature
is useful for photo-medicine and bio-photonic applications that
benefit from a large penetration depth into the tissue, such as
fluorescence imaging, photodynamic therapy, and stimulated
emission depletion microscopy [4–6]. In the past two dades,
the Pr3�-doped ZrF4-BaF2-LaF3-AlF3-NaF (Pr:ZBLAN) fiber
had been commonly employed as the active media to realize
visible fiber lasers [7,8]. Pulsed generation based on a passive
format enabled by saturable absorber (SA) is generally more de-
sirable due to its low cost and free maintenance in comparison
with the active one, which usually needs an externally driven
modulator. However, to the best of our knowledge, deep-red
pulsed all-fiber laser operation has not been achieved thus far.

At present, nanomaterial-based SAs have been extensively
used for all-fiber pulsed laser operation, including single-wall
carbon nanotubes (SWNTs) [9–12], graphene [13–15], tran-
sition-metal dichalcogenides (TMDs) [16,17]. Very recently,
we have demonstrated visible passively Q-switched all-fiber la-
sers with TMD-based SAs, e.g., red-light [18] and orange-light
[19]. As the very first nanomaterial-based SA, SWNTs have
been widely believed to be a narrow bandwidth SA, where
the customization of operation wavelengths is achieved through
the control of the diameter and chirality of constituent nano-
tubes so that an absorption resonance overlaps with the desired
laser wavelength [20,21]. Utilizing such a design guideline,
SWNT-based Q-switched/mode-locked lasers have been dem-
onstrated mainly across the 1–2 μm spectral regions [22–26]. It
is not fully clear whether SWNTs can be applied as effective
SAs operating at visible wavelengths. Recently, Xu et al.
combined Z -scan and degenerate pump-probe techniques to
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reveal broadband saturable absorption properties of SWNTs; it
is experimentally confirmed that nonlinear absorption of
SWNTs extends into the visible range [27].

In this Letter, we experimentally demonstrate a compact
deep-red passively Q-switched all-fiber laser based on
SWNT-SA. The all-fiber laser cavity was made up of a
fiber-coupled 445 nm pump source, a Pr:ZBLAN active fiber,
and a pair of deep-red highly reflective fiber mirrors. The SA
made of SWNT/polyvinyl alcohol (PVA) composite can be in-
serted into a fiber connector, enabling a compact laser architec-
ture with good reproducibility. Stable passive Q-switching
operation at 716 nm was successfully achieved. Such an all-fiber
laser has a tunable pulse repetition rate ranging from 32.6 to
86.5 kHz, a narrow pulse duration of 2.3 μs, and a maximum
average output power of 1.5 mW.

In our experiment, the SWNT sample was prepared by the
electric arc-discharge method [23,27]. A SWNT/PVA film was
fabricated by evaporating the SWNT polymer composite
solution to dryness; then we cut the film into small pieces
for practical use [18]. Optical transmittance of the SWNT/
PVA film and pure PVA film, as shown in Fig. 1(a), was mea-
sured by an UV/VIS spectrometer (Perkin Elmer, Lambda750).
It is observed that the transmission increases gradually from
41.64% to 48.87%, with a wavelength between 600 and
800 nm, a range that corresponds to the metallicM11 excitonic
band [27,28], which indicates its visible operation regime. Note
that pure PVA has a higher transmission around 700 nm.
Figure 1(b) shows the transition absorption curve of the
SWNT/PVA film for a 700 nm excitation wavelength, which
is performed by a degenerate pump-probe experiment [18,27].
The experimental measurement can be well fitted by a mono-
exponential decay with a time constant of ∼1 ps [29], attrib-
utable to nonlinear photoexcitation that mainly originates from
metallic tube transitions. The SWNT sample has a saturable
absorption of 19% at 700 nm, i.e., the ratio of saturable/
non-saturable absorption is estimated to be 0.23 [27]. This
result indicates the ultrafast saturable absorption of the
as-prepared SWNT sample at 700 nm and confirms that

the SWNT is very promising for pulse generation in shorter
visible region.

Figure 2 specifically illustrates the experimental arrange-
ment. As shown in Fig. 2(a), the proposed compact SWNT-
based passivelyQ-switched deep-red all-fiber laser, with a cavity
length of about 4.2 m, simply consists of a 445 nm GaN LD, a
Pr:ZBLAN fiber, a pair of fiber end-facet mirrors, and a fiber-
compatible SWNT Q-switcher. A homemade ∼0.5 W,
445 nm fiber-coupled diode laser (core/cladding, 5.8/
125 μm; NA, 0.13) was used as the pump source. We em-
ployed a 0.9 m long Pr:ZBLAN fiber (core/cladding, 6/
125 μm; NA, 0.15; Pr3�, 1000 ppm, absorption coefficients
of ∼18.8 dB∕m at 445 nm, and less than 0.1 dB/m at
716 nm) as the gain medium, which is slightly hygroscopic in-
sensitive. The all-fiber linear cavity for deep-red laser oscillation
was constructed by the homemade fiber end-facet mirrors
(M1 and M2). Both mirrors were fabricated by coating
SiO2∕Ta2O5 dielectric film onto fiber ferrules of the SMF
1060-XP using a plasma sputter deposition system (SCT-
S500, System Control Technologies, Inc.). As displayed in
Fig. 2(b), we measured the transmission spectrum of the input
mirror M1, with a high transmittance of 82.60% at 445 nm
(i.e., 82.60% at 445 nm), as well as a high reflectivity of
99.98% at 716 nm (i.e., 0.02% at 716 nm). As seen from
Fig. 2(c), the transmission spectrum of the output mirror M2
was also manifested. It had a transmittance of 49.13% at a
716 nm wavelength. It should be noted that the emission peak
at 716 nm of the used Pr:ZBLAN fiber excited by a 445 nm LD
is the relative lowest; however, there is the strongest optical gain
at around 635 nm, as measured in our previous report [18].
Herein, owing to the cavity mirrors M1 and M2, designed with
a transmittance of 42.71% and 65.04% at 635 nm, respectively,
the gain competition in the Pr:ZBLAN fiber finally leads to the
716 nm lasing only, assuming that the polarization controller
(PC) is properly adjusted. The free-standing SWNT/PVA film
was sandwiched between two fiber ferrules to construct a fiber-
compatible SWNT SA. Then, the SWNT-SA was incorporated
into the laser cavity, acting as a Q-switcher.

The output characteristics of the Q-switched laser were re-
corded by a photodetector (Thorlabs, DET10A) together with

Fig. 1. (a) Optical transmission spectra of the as-prepared SWNT/
PVA film and pure PVA film. The vertical dashed line denotes the laser
operation wavelength at 716 nm. (b) Relative change of transmission
for a 700 nm excitation wavelength.

Fig. 2. (a) Experimental setup of the deep-red Q-switched all-fiber
laser. (b, c) Optical transmission spectra of the fiber end-facet mirrors
as the input M1 and output M2 mirrors, respectively. Insets:
photographs and microscopic images of M1 and M2.
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a Tektronix TDS4054B digital oscilloscope (500 MHz band-
width, 2.5 Gs/s sampling rate) and a radio-frequency (RF) spec-
trum analyzer (Gwinstek GSP-930). The optical spectra of the
laser output were monitored by a 300–1200 nm optical spec-
trum analyzer (OSA; HR-4000, Ocean Optics), and a 600–
1700 nm OSA (HP 70951B). The average output power
was measured by a power meter (Coherent PM3).

In our experiment, the deep-red CW all-fiber laser was ini-
tiated at the incident pump power (PP) of ∼110 mW because
of separating the SWNT-SA from the laser cavity. At the
moment, whether changing the PP or manipulating the PC,
only CW lasing at 716 nm was observed in the laser cavity iden-
tified by the oscilloscope and the OSA due to the lack of a
modulation factor, which excluded the possibility of self-puls-
ing. Here, we measured a CW laser output power of 10 mW at
the PP of 260 mW. In contrast, once the SWNT-SA was
integrated into the cavity, stable self-started Q-switched oper-
ation launched when the PP was over 130 mW. The insertion
loss of the SWNT-SA was calculated to be about 0.72 dB. As
summarized in Fig. 3, we give the typical characteristics of the
deep-red Q-switched all-fiber laser. Figure 3(a) systematically
depicts the evolutions of the pulse trains under different inci-
dent pump powers. The pulse repetition rate becomes higher
and higher, along with the increased PP , which indicates a typ-
ical passively Q-switched operation [30]. At the PP of
167.8 mW, a single-pulse envelope with the duration of
4.1 μs is shown in Fig. 3(b). It has a symmetric Gaussian-like
intensity profile. The output optical spectrum of the
Q-switched operation at the PP of 219.1 mW was measured
and normalized, as plotted in Fig. 3(c). In addition, the inset of
Fig. 3(c) gives a close look at 716 nm with a full width at half-
maximum (FWHM) of 0.83 nm. Meanwhile, the correspond-
ing optical spectrum of the CW emission state at the PP of
219.1 mW is also displayed in the inset of Fig. 3(c) as a com-
parison, from which we can infer that the FWHM of CW
output at 716 nm was about 1.54 nm. It is the increased
intra-cavity loss that, originating from the incorporation of
SWNT-SA into the cavity, contributes to the single-peak lasing
at 716 nm in the Q-switched regime.

To evaluate the stability of the passively Q-switched deep-
red laser oscillation, we measured the RF spectrum and the out-
put optical spectra every 5 minutes over an hour under fixed
experimental condition (e.g., PP � 167.8 mW), as presented
in Fig. 4. One can see from the Fig. 4(a), the RF signal-to-noise
ratio is nearly 40 dB, which is comparable to those passively
Q-switched visible or near-IR fiber lasers by 2D nanomaterials
as SAs [18,31]. Correspondingly, the inset of Fig. 3(a) shows
the real-time oscilloscope trace with a pulse repetition rate of
50.4 kHz. It has a pulse-intensity fluctuation as low as 5%.
Furthermore, Fig. 4(b) exhibits the repeated output spectra
scanned under different times. Neither the central wavelength
movement nor the new wavelength component was observed
during the measurement, illustrating excellent repeatability and
long-term stability. Such results clearly confirm that the
SWNT-based deep-red passively Q-switched all-fiber laser at
716 nm is stable and could be suitable for practical application.

As shown in Fig. 5, we performed the Q-switched pulse
parameter variation with the PP . Figure 5(a) draws the relation-
ship curves of the output power and pulse energy along with
the PP . The output power increases linearly with a maximum
value of 1.5 mW. Nevertheless, the pulse energy linearly boosts
in the case of low PP, after the PP exceeds 173 mW; the pulse
energy becomes saturated obviously, most probably due to the

Fig. 3. Characteristics of the deep-red Q-switched all-fiber laser.
(a) Evolutions of the Q-switching pulse trains under different incident
pump powers at PP�137.0mW, PP�167.8mW, PP � 203.7 mW,
and PP � 219.1 mW. (b) Single-pulse profile at PP � 167.8 mW.
(c) Output optical spectrum at PP � 219.1 mW. Inset: optical
spectra of CW and Q-switched laser.

Fig. 4. (a) RF spectrum of the deep-red Q-switched all-fiber laser at
the PP of 167.8 mW. Inset: typical pulse train at the repetition rate of
50.4 kHz. (b) Repeated output optical spectra recorded under different
times.

Fig. 5. (a) Output power and pulse energy. (b) Repetition rate and
pulse duration as a function of the PP .
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thermal accumulation of the SWNT-SA in the case of high PP ,
inducing the bleaching effects [32]. Here, the obtained maxi-
mum pulse energy is 18.3 nJ at the PP of 173 mW, comparable
to those ever reported SWNT-based Q-switched all-fiber lasers
[25,26,33,34]. Figure 5(b) gives the dependence of the repeti-
tion rate and pulse duration on the PP . It is seen that the rep-
etition rate increased almost linearly from 32.6 to 86.5 kHz as
the variation of the PP , whereas the pulse duration decreased
from 7.8 to 2.3 μs. The pump rate for the upper laser level
increases with increasing the PP and causes the reduction of
the pulse duration and the increase of the repetition rate
[23,25]. As the PP went beyond 224 mW, the Q-switched
operation became unstable where strong pulse fluctuation ap-
peared, which was attributed to the thermal damage of the
SWNT-SA induced by optical power. Here, a higher PP would
lead to the permanent disappearance of the Q-switched pulse,
so we measured the damage threshold of the SWNT-SA, which
was ∼230 mW. Further works need to be addressed for the
optimized performance of the deep-red passively Q-switched
all-fiber laser, i.e., shorter pulse duration and higher pulse en-
ergy, or achieving the visible mode-locked all-fiber lasers, such
as perfecting the cavity designs [35,36], improving the modu-
lation depth of SWNT-SA, and optimizing the dispersion man-
agement (e.g., short gain medium, photonic crystal fiber) [37].

In conclusion, we experimentally achieved a compact deep-
red passively Q-switched all-fiber laser using SWNT-SA. A pair
of fiber end-facet mirrors constructed a linear all-fiber resonant
cavity and a Pr:ZBLAN active fiber pumped by a fiber-coupled
445 nm LD provided the laser gain. Stable pulse generation
from the deep-red Q-switched all-fiber laser was characterized
by a tunable repetition rate of 32.6–86.5 kHz, a narrow pulse
duration of 2.3 μs, and a maximum pulse energy of 18.3 nJ. To
the best of our knowledge, this is the first demonstration of a
SWNT-based pulsed all-fiber laser operating at a shorter wave-
length of 716 nm. Such a result provides a promising approach
to achieve compact, robust, cost-effective deep-red pulsed
laser sources, and may introduce various applications in
bio-photonics and photo-medicine.

Funding. National Natural Science Foundation of China
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