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This work demonstrates the Nd:YAG waveguide laser as an efficient platform for the bio-sensing of dextrose
solutions and tumor cells. The waveguide was fabricated in an Nd:YAG crystal with the cooperation of ultrafast
laser writing and ion irradiation. The laser oscillation in the Nd:YAG waveguide is ultrasensitive to the external
environment of the waveguide. Even a weak disturbance leads to a large variation of the output power of the laser.
According to this feature, an Nd:YAG waveguide coated with graphene andWSe2 layers is used as substrate for the
microfluidic channel. When the microflow crosses the Nd:YAG waveguide, the laser oscillation in the waveguide is
disturbed and induces fluctuation of the output laser. According to the fluctuation, the microflow is detected with
a sensitivity of 10 mW/RIU. © 2017 Chinese Laser Press

OCIS codes: (230.7380) Waveguides, channeled; (140.0140) Lasers and laser optics; (280.3420) Laser sensors.
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1. INTRODUCTION

Monitoring blood dextrose and cells is significant for medical
diagnosis. Especially for first-aid, fast, precise, and portable
(small) bio-detection is imperative [1,2]. For this purpose,
microfluidic flow cytometry is developed for accurate detection
of cells and solutions, which exhibits distinct advantages, in-
cluding dynamic cell manipulation, isolation, and repeatability
usage [3,4]. The sensing element with high sensitivity is the key
component for microfluidic flow cytometry. Up to now, various
technologies have been presented for optical flow sensing of a
single cell, including flow cytometers and optofluidic circuits
[5,6]. These technologies distinguish cells depending on the
blocking or absorption of the detecting light, which is induced
by the cell. For example, in the microfluidic channel, the cell
crossing the 2D material changes the optical absorption of
2D materials [7–9]. Via the variation of the optical absorption
(or the power of the detecting light), the solution and cells
can be detected. For accurate detection, there is continuous
motivation to amplify the fluctuation of the optical signal
and further improve the sensitivity of the sensing element
for a single cell.

The solid-state laser is ultrasensitive to the optical loss in the
resonant cavity. Even a slight variation of the optical loss will

trigger a large change of the power of the output laser. It seems
the solid-state laser system may be used as a potential candidate
for the amplifier of the variation of the loss induced by optical
absorption. Recently, the fast development of the waveguide
laser makes this proposal achievable. The waveguide laser is
a laser system using the waveguide as the resonant cavity
and the gain medium [10,11]. The dimension of the waveguide
is small (cross-sectional area less than a hundred square
micrometers, length around several millimeters), which is suit-
able for the combination with 2D materials [12,13] and the
microfluidic channel [14,15]. It has been reported that the
2D materials coated on the surface of the waveguide can
be used as the saturable absorber for the Q-switched laser
emission [12,13]. Besides, the waveguide combined with the
2D materials can also be used for the sensing of the microflow
in the microfluidic channel [14–16].

In this work, a highly sensitive biosensor is based on 2D
materials and the waveguide laser. The graphene and WSe2
layers were placed between the microfluidic channel and the
waveguide laser, which work as both the sensing medium
for the microstreaming and the absorber in the waveguide laser.
We will show that the fluctuation of the optical absorption of
graphene and WSe2 is amplified by the laser oscillation process
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in the waveguide, which provides high sensing of the live cell
and the dextrose solution. Utilizing this device, the size of the
cell is quickly distinguished, and the concentration of the
dextrose solution is detected.

2. DESIGN AND METHODS

Figure 1(a) shows a diagram of the biosensor. The waveguides,
with a length of 9 mm, were fabricated in the Nd:YAG crystal
by the cooperation of the ultrafast laser writing and the ion
irradiation. All the waveguides used in this work were fabricated
under the same condition. Detailed information of the wave-
guide fabrication is reported in Ref. [17]. The heterostructure
(G/W) consisted by graphene andWSe2 monolayer is chosen as
the absorber, due to the ultrafast optical response and the high
optical absorption [18]. Graphene and WSe2 were produced
by the chemical vapor deposition and transferred onto the
surface of the Nd:YAG waveguide. Figure 1(b) shows the high-
resolution transmission electron microscopy (HRTEM) image
of G/W heterostructure. Due to the lattice mismatching of
graphene and WSe2, the lattice of heterostructure displays a
Moiré pattern. A polydimethylsiloxane (PDMS) microfluidic
channel (purchased from Wenhao Co., Ltd.) was coated onto
the G/W heterostructure [Figs. 1(c) and 1(d)]. The channel has
a width of 100 μm and thickness of 50 μm.

This biosensor operates in two modes: so-called passive and
active biosensor. The passive biosensor experiment is to provide
a baseline for a standard single-pass absorption detection to
compare with the multipass laser resonance detection. 1) The
passive biosensor uses a continuous-wave laser (wavelength:
1064 nm; power: 10 mW) as the detecting light, and the infor-
mation of the microflow is detected via the fluctuation of the
output light. During the experiments, an off-chip laser is coupled
into the waveguide through a spherical convex lens (focus length
of 25 mm). And the output light is collected by a long
work distance microscope objective (MO, 20×, N:A: � 0.4).
2) The active biosensor generates the laser oscillation at

1064 nm in the Nd:YAG waveguide, and detects the microflow
by the fluctuation of the waveguide laser emission at the wave-
length of 1064 nm. During the experiments, a polarized light
beam at a wavelength of 810 nm from a tunable CW
Ti:Sapphire laser (Coherent MBR 110) is coupled into the wave-
guide as the pumping laser. The output laser at 1064 nm from
the waveguide is collected by the same microscope objective as
the one used in passive biosensor.

3. RESULTS AND DISCUSSION

A. Passive Biosensor
Figure 2(a) shows the refractive index distribution on the longi-
tudinal section of the Nd:YAGwaveguide, which has a step-like
shape. The propagation mode of the guided light at the wave-
length of 1064 nm is also displayed in Fig. 2(a). The intensity
of the light was concentrated near the surface, and the evanes-
cent field of the guided light has an overlap with the G/W
heterostructure with the length of 120 μm. Through the
interaction with heterostructure, the guided light is absorbed
by the heterostructure. The propagation loss of the waveguide
is detected with the different polarization of guided light at the
wavelength of 1064 nm. As shown in Fig. 2(b), without the
heterostructure (blue dots), the waveguide with a length of
9 mm has a constant propagation loss of 0.4 dB. With the het-
erostructure (red dots), the loss has a maximum value of 1 dB at
the s polarization (parallel to the waveguide surface) and a mini-
mum value of 0.45 dB at the p polarization (vertical to the
waveguide surface). Considering the length of the G/W heter-
ostructure, the absorption due to the G/W is 5 dB/mm [(1–
0.4 dB)/120 μm] and 0.4 dB/mm [(0.45–0.4 dB)/120 μm],
corresponding to s and p polarizations. It demonstrates the
G/W heterostructure has polarization-dependent absorption.

Fig. 1. (a) Diagram of the biosensor. (b) HRTEM image of G/W
heterostructure. Graphene on the top and WSe2 monolayer on the
bottom. (c) Photograph of the microfluidic channel, Nd:YAG wave-
guide, and holder. (d) Photograph of the assembled biosensor.

Fig. 2. (a) Refractive index distribution of the Nd:YAG waveguide
and the propagation mode of the guided light at the wavelength
of 1064 nm. (b) Polar image of the output light power along with
the polarization variation. Wavelength of the detecting light is
1064 nm. (c) Real-time signal of different concentrations of dextrose
solution. (d) Absorption coefficient corresponding to air, water, and
dextrose solution.
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In the following work, the light with s polarization is used as
the detecting light.

The refractive index of the solution in the channel changes
the optical absorption of the waveguide. When the solution
crosses the waveguide surface, the intensity of the evanescent
field is changed, leading to the variation of the absorption of
the heterostructure. As a result, the microflow can be detected
by the fluctuation of the power of the guided light in the
waveguide [9,16]. Based on this biosensor, we used a continuous
laser with the power of 10 mW at 1064 nm to detect the re-
fractive index of the air, water, and dextrose solution. As shown
in Fig. 2(c), there is an obvious fluctuation of the output power
with the switching of air in the liquid, corresponding to the
absorption coefficient of 0.9992 dB/cm (air) and 1.1991 dB/cm
(water). For the dextrose solution with different concentra-
tions, the absorption coefficient was slightly tuned between
1.210 dB/cm (0.6%) and 1.257 dB/cm (5%) in Fig. 2(d), which
has a comparable change with the noise leading to a minimum
concentration resolution of 0.5% (∼2.5 mmol∕L). This resolu-
tion is much lower than the resolution (∼0.1 mmol∕L) of the
household blood glucose detectors.

B. Characteristic of the Nd:YAG Waveguide Laser
The laser oscillation in the Nd:YAG waveguide was excited by a
continuous 810 nm laser. Figure 3(a) shows the spectrum and
the near-field modal profile of the output laser at the wavelength
of 1064 nm. The performance of theNd:YAGwaveguide laser is
sensitive to the loss of the waveguide. To discuss the relationship
of the laser performance and the loss, the loss of the Nd:YAG
waveguide was artificially changed from 0.45 to 1.5 dB, via
changing the overlay length (L) of the G/W heterostructure.
As displayed in Fig. 3(b), there is great change of the threshold
(Pth), slope efficiency (Φ), and output power of the Nd:YAG
waveguide laser, along with the variation of the loss. With
the increasing of the loss, Pth was increased from 26 to
84mW [Fig. 3(c)], andΦ [Fig. 3(d)] was rapidly decreased from
63% to 4.5%, leading to a dramatic change of the maximum
output power [Fig. 3(e)] from 50.4 to 0.4 mW.

As a four-level system, the relationship of the loss (α) and
Pth∕Φ of the Nd:YAG waveguide laser can be expressed as
equations below [19]:

Pth �
hcAeff

2ησeτλp
δ � C1δ; (1)

Φ � η�T 1 � T 2�λP
λL

1

δ
� C2

1

δ
; (2)

δ � 2αL − ln��1 − T 1� × �1 − T 2��; (3)

where Pth is the laser threshold; h is the Planck’s constant; c is
the light velocity in the vacuum; λL and λP are the wavelengths
of the laser and pump beams, respectively; σe is the stimulated
emission cross section of Nd:YAG crystal; τ is the fluorescence
lifetime; Aeff is the effective pump area; η is the fraction of
absorbed photons that contribute to the population of the
4F 3∕2 metastable state; T 1, T 2 are the transmittance of the
end-faces; δ is the round-trip cavity loss.

As some parameters in Eqs. (1) and (2) are invariable, these
equations are further simplified via introducing constants of C1

and C2. The value of C1 and C2 are obtained via fitting
the measured results in Figs. 3(c)–3(e). Based on Eqs. (1)–(3),
the maximum output power of the waveguide laser can be
expressed as follows:

Pout � Φ�Ppump − Pth� � C2

1

δ
�Ppump − C1δ�

� C2

1

2αL − ln��1 − T 1� × �1 − T 2��
Ppump − C2C1: (4)

To obtain the slewing rate of Pout, the partial derivative of
Pth is taken with respect to α in Eq. (4). With the Ppump of
100 mW (at the wavelength of 810 nm), the maximum power
of the Nd:YAG waveguide laser is 50.4 mW (at the wavelength
of 1064 nm), and the calculated change of Pout per 0.01 dB
(red line) is shown in Fig. 3(f ). It seems the slewing rate
has an exponential change along with α, and Pout has a higher
sensitivity at the low loss. For our biosensor (α � 1 dB), the
slewing rate is ∼0.52 mW per 0.01 dB [green line in Fig. 3(f )].

With the same conditions used in the passive biosensor, the
slewing rate of the output laser per 0.01 dB (blue line) is also
displayed in Fig. 3(f ). In this situation, the variation of the
output laser is only decided by Δα. Compared with the
active biosensor, the slewing rate is much lower in the passive

Fig. 3. (a) Emission spectrum of the output laser. Inset is the mea-
sured near-field modal profile of the emitted laser from the Nd:YAG
waveguide. (b) Output power of the Nd:YAG waveguide as a function
of the pumping power. Variations of (c) Pth, (d) Φ, and (e) Pout.
(f ) Calculated variations of Pout per 0.01 dB in the active (red line)
and passive (blue line) biosensor.
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biosensor. It demonstrates the difference of the absorption as
amplified through the laser oscillation process.

C. Active Biosensor
The active biosensor (length of G/W 120 μm) is used to detect
the same liquid displayed in Fig. 2(c). As shown in Fig. 4(a),
there is a larger difference of the output power with the differ-
ent liquid. For the conversion of the water and air, the maxi-
mum variation of the power is ∼2.47 mW, which is much
higher than the passive biosensor (∼0.45 mW). Besides, the
dextrose solution with different concentration (0.6%–5%)
can be clearly distinguished. To compare the efficiency of
the passive and active biosensor, the output power of detecting
light is listed corresponding to the refractive index of the differ-
ent liquid in Fig. 4(b). The sensitivity of the active and passive
biosensor is 10 and 1.4 mW/RIU, respectively. It demonstrates
that the fluctuation of the optical intensity is amplified by the
laser oscillation in the waveguide, leading to higher sensitivity
of the biosensor.

As reported in Ref. [9], the microsphere in the microflow
changes the effective refractive index of the solution depending
on the diameter of the microsphere; therefore, the refractive
index sensing can also be used to sense the diameter of the

microspheres. In this work, the active biosensor was used to
distinguish the tumor cell and the PMMA ball. The tumor cell
and PMMA ball have a diameter of ∼20 μm [Fig. 5(a)] and
∼10 μm, respectively. When a tumor cell or PMMA ball passes
the waveguide laser through the microfluidic channel, the
effective refractive index is increased, which leads to the increas-
ing of the evanescent field. As a result, the power of the output
laser has a rapid drop. The power of the output laser is detected
by an ultrafast photoelectric probe and displayed on an oscillo-
scope (MSO/DPO5000B). As shown in Fig. 5(b), sharp dips
were observed when an object crossing the waveguide laser.
However, the intensity of dips was different, which depends
on the types of objects (PMMA ball or tumor cell) [Figs. 5(b)
and 5(c)]. Utilizing this feature, the tumor cell can be dis
tinguished from the mixed solution of PMMA balls and tumor
cells.

Figure 5(d) displays the real-time signal of the mixed solu-
tion of PMMA balls and tumor cells. Obviously, there are two
different dips with the distinguished intensity. Through the
counting of dips with different intensity, the concentration
and type of the cell or ball in the solution could be obtained.

4. CONCLUSION

We demonstrate the waveguide laser as an efficient platform for
biosensing. The biosensor was constructed by Nd:YAG wave-
guide, G/W heterostructure, and a microfluidic channel. The
microflow in the channel tuned the optical absorption of the
G/W heterostructure, which is amplified by the laser oscillation
in the Nd:YAG waveguide. The sensitivity of this biosensor is
10 mW/RIU. Based on this biosensor, we distinguished the
concentration of the dextrose solution and tumor cells. This
work paves a novel way for the live cell detection on a chip.
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