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Whispering gallery mode resonator lasers hold the promise
of an ultralow intrinsic limit of detection. However, the
widespread use of these devices for biosensing applications
has been hindered by the complexity and lack of robustness
of the proposed configurations. In this work, we demon-
strate biosensing with an integrated microdisk laser. Al2O3
doped with Yb3� was utilized because of its low optical
losses as well as its emission in the range 1020–1050 nm,
outside the absorption band of water. Single-mode laser
emission was obtained at a wavelength of 1024 nm with
a linewidth of 250 kHz while the microdisk cavity was sub-
merged in water. A limit of detection of 300 pM (3.6 ng/ml)
of the protein rhS100A4 in urine was experimentally dem-
onstrated, showing the potential of the proposed devices for
biosensing. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.005937

Passive microresonator optical sensors have been widely studied
in last decades for their high sensitivity in the label-free detec-
tion of biomolecules [1–3]. These biosensors hold promise for
their integration into portable, sensitive, low-cost, multiplexed,
and easy-to-use devices that, within minutes, can detect bio-
markers from bodily fluids for medical applications. Label-free
detection relies on the sensitivity of the microresonators to
changes in their local environment (i.e., evanescent field)
due to the attachment of the target biomolecules, which,
among other effects, induces shifts in the resonance frequency
[4]. Such biosensors exhibit an intrinsic resolution limit given
by the linewidth of the resonances [5], and require complex
interrogation schemes with either tunable lasers or high-
resolution optical spectrum analyzers (OSA) to continuously
monitor the location of the resonance wavelength, which
hampers their implementation outside the laboratory.

In contrast to passive resonators, recent reports highlight
the potential advantages of active, laser-based devices [6–12].
The much narrower resonances of microresonator lasers

dramatically decreases the intrinsic limit of detection (LOD).
Furthermore, a simple, low-cost interrogation setup can be used
to monitor the laser wavelength shift by heterodyning with an
external reference laser [13]. However, up to date, the benefits
attributed to active, laser-based devices have been mostly dem-
onstrated on complicated three-dimensional optical cavities not
suitable for on-chip integration, therefore hampering their
widespread use as multiplexed biosensing platforms. Advancing
sensing functionalities based on active microresonators requires
a material platform that can overcome this limitation.

Aluminum oxide (Al2O3) is an emerging photonic material
that exhibits a large transparency window covering the visible
and near-infrared wavelength ranges [14]. When doped with
rare-Earth ions, it provides optical gain that has been used
to demonstrate on-chip amplifiers [15] and lasers [16,17].
Recent reports have shown its monolithic integration with pas-
sive photonic functions [18–20]. These features make this
material very interesting for the realization of active optical sen-
sors. In particular, doping Al2O3 with Yb3� permits operation
at a wavelength of ∼1000 nm, where water absorption is neg-
ligible. To date, there is only one report exploiting the active
optical properties of Al2O3 as a sensing material, where glass
microspheres (1 to 20 μm in diameter) were detected by
using a dual-wavelength distributed feedback laser [21]. The
detection was not selective, as the device was sensitive to
any microsphere brought into its close proximity.

In this work, an Al2O3:Yb
3� integrated microdisk laser bio-

sensor is developed for the label-free detection of the S100A4
protein (12 kDa), which has been associated with human
tumor development [22,23]. Detection of a concentration as
low as 300 pM of the S100A4 protein in synthetic urine is ex-
perimentally demonstrated. This falls within the concentration
range being reported as clinically relevant [24], therefore
showing the potential of this active platform for label-free
biosensing.

Al2O3:Yb
3� films were first deposited by radio frequency

(RF) reactive cosputtering (AJA ATC 1500) from Al and Yb
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targets to form a 550 nm thick dielectric layer onto a thermally
oxidized silicon wafer [25]. The substrate was heated to 450°C
during the deposition. RF powers of 200 W and 35 W were
applied to the Al and Yb targets, respectively. Oxygen and ar-
gon flows of 2.5 sccm and 30 sccm, respectively, were utilized
with an operating pressure of 3.7 mTorr [25]. Microdisks and
bus waveguides were patterned by UV contact lithography
followed by reactive ion etching with BCl3:HBr (5:2) using
a total power of 25 W [26]. The microdisk has a radius of
100 μm and a coupling gap of 0.6 μm to the bus waveguide,
which has a width of 1.4 μm. With these disk dimensions, a
6.5% overlap of the electric field with the environment (i.e.,
water or synthetic urine upper cladding) was calculated.
A 3 μm thick SiO2 cladding was deposited by plasma-enhanced
chemical vapor deposition (Oxford Plasmalab 80 Plus) at
300 °C through a shadow mask to cover the input and
output bus waveguides, leaving the microdisks fully exposed
to the environment. Next, chips of 1.2 × 1.9 cm2 were diced
(Micro Ace 3). PDMS microfluidic channels with a cross sec-
tion of 600 by 70 μm2 were bonded onto the sample by simply
placing them on top of the chip. Finally, the PDMS channels
were filled with either deionized (DI) water (bulk refractive
index and temperature sensitivity experiments) or synthetic
urine (biosensing experiment).

Figure 1(a) shows the device under test on the experimental
setup. During the measurements, the temperature of the chip is
controlled to 21.5� 0.0025°C by means of a temperature-
regulated stage. A fiber laser diode (Thorlabs BL976-SAG300)
with a wavelength of 976 nm and linewidth of 0.5 nm is
used to optically pump the Al2O3:Yb

3� microdisk lasers.
The backward lasing light (TE polarized) is separated from
the residual pump with a 980/1060 nm wavelength demulti-
plexer (Thorlabs WD202G-FC) and analyzed with a Hewlett
Packard 70950B OSA while its power is measured with a
Hewlett Packard 81536 A power sensor. The emission spectrum

of the device subject to a flow of DI water is shown in Fig. 1(b),
measured with a resolution of 100 pm. Single-mode operation
at 1024 nm with a side-mode suppression ratio (SMSR) of
27 dBm is observed. The laser operates in TE polarization.
A slope efficiency (i.e., laser power measured at the power meter
with respect to launched pump power prior to coupling to the
chip) of ∼0.1% and a lasing threshold of 7 mW launched pump
power prior to coupling to the chip are measured. Currently,
these power characteristics are limited by the low fiber-to-chip
coupling efficiency of 20%, which could be enhanced in future
works by implementing a vertical tapered end facet for higher
fiber-to-chip coupling efficiency, and thus, larger slope effi-
ciency and lower lasing threshold. Furthermore, the passive res-
onances of the disk resonator were scanned around the lasing
wavelength with a tunable laser (10 kHz TOPTICA CTL
1050). It was found that at the lasing wavelength, the device
has a cold quality factor of 1.2 × 105 and is undercoupled.
Increasing the coupling coefficient to achieve critical coupling
at the pump wavelength could also be beneficial for the lasing
performance due to an increase of the enhancement factor of the
pump light circulating in the disk resonator.

The emission spectrum of the single-mode microdisk laser is
heterodyned with the same tunable laser emitting at an almost
identical wavelength [Fig. 2(a)] to achieve a low-frequency
heterodyne beatnote (i.e., below 10 GHz) detectable by a
RF spectrum analyzer (Hewlett Packard E4407B) [13]. The
frequency of the beatnote, f beat, is given by

f beat � c
λ2 − λ1
λ1λ2

, (1)

with c being the speed of light in vacuum, and λ1 and λ2 being
the wavelengths of the Al2O3:Yb

3� microdisk laser and of the
external reference laser, respectively. The beatnote spectrum can
be seen in Fig. 2(b), containing two closely separated RF peaks,
which are due to the splitting of the microdisk lasing mode due
to the coupling between the clockwise (CW) and counterclock-
wise (CCW) propagating modes in the disk [27]. Both peaks of
the RF beatnote shift due to environmental perturbations ap-
plied to the microdisk. The laser linewidth of the Al2O3:Yb

3�

microdisk laser is determined from the linewidth of the hetero-
dyne beatnotes in the RF spectrum to be ∼200–300 kHz [28].
A direct self-beating spectrum between the CW and CCW laser
modes exhibits a 3 dB linewidth of ∼500 kHz (RF spectral
resolution of 100 kHz, 50 ms measurement time), which con-
firms a laser linewidth of ∼250 kHz for each of the laser split
modes, which corresponds to a quality factor of ∼1 × 109.

Fig. 1. (a) Photograph of the optofluidic chip on the experimental
setup. Both input and output fibers aligned to the sensor chip are
shown as well as the inlet/outlet to the microfluidic channel. The inset
shows the Al2O3:Yb

3� microdisk laser under pump illumination
(976 nm). The green luminescence originates from upconversion of
Er3� ion impurities in the microdisk. (b) Lasing spectrum of the
microdisk laser with a DI water cladding at a launched pump power
of 27 mW at 976 nm. Spectral resolution is 100 pm. (c) Power char-
acteristics of the laser, which has a slope efficiency of 0.1% and a
threshold of 7 mW.

Fig. 2. (a) Schematic of the heterodyne detection for monitoring
the change of the microdisk laser frequency. (b) RF beatnote between
the microdisk laser and the external laser during a flow of synthetic
urine (black curve) and synthetic urine spiked with rhS100A4 at a
concentration of 30 nM (red curve).
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The temperature and bulk refractive index sensitivity of the
microdisk laser are characterized (Fig. 3). The beatnote fre-
quency between the lower frequency laser peak of the microdisk
laser and the external laser is monitored while varying the tem-
perature of the device from room temperature to 25.4°C in
steps of 0.5°C. During the measurements, 15 RF spectra per
minute are recorded at a resolution of 1 MHz. A temperature
sensitivity of 1.72� 0.03 GHz∕K (6.02� 0.11 pm∕K) is ob-
tained, which is much smaller than the temperature sensitivity
of Si microring resonators [29]. The bulk refractive index
sensitivity is characterized by flowing water solutions of
different concentrations of NaCl (0.0–0.5 wt. %) through
the microfluidic channel. A bulk refractive index sensitivity
of 5.74� 0.21 THz∕RIU (20.1� 0.7 nm∕RIU) is obtained,
similar to the sensitivity reported earlier for a passive Al2O3

microring resonator [30]. Both peaks in the RF spectrum have
identical sensitivities. The sensitivity is not very high compared
with conventional, silicon-on-insulator microring resonators
[4], because the disk resonator has a rather high confinement
and low fraction of optical power circulating in the analyte
medium. Using a microring resonator or a thinner microdisk
resonator could increase the sensitivity, although this could
negatively affect the lasing performance by inefficient absorp-
tion of pump light. The LOD of the sensor is the smallest bulk
refractive index variation that can be reliably detected (i.e.,
three times the standard deviation of the noise [5]). To deter-
mine the noise, the RF beatnote is recorded for 3 min while
DI water is flown through the microfluidic channel on top of
the sensor [Fig. 4(a)]. Both RF peaks exhibit the same noise,
σ � 7 MHz (i.e., 24 fm). The noise arises mainly from
fluctuations of the temperature of the chip, of the power of
the laser diode used for pumping, and of the microfluidic flow
(i.e., mainly refractive index and temperature fluctuations).

A further source of noise is the fluctuation of the frequency
of the external laser due to temperature or atmospheric pressure
variations within the laser cavity. A LOD of 3.7 × 10−6 RIU
can be extracted from these measurements. This LOD is similar
to previous reports on passive microring resonator sensors, due
to the sensor being currently limited by its noise and therefore
not benefiting yet from the much smaller intrinsic LOD of
5 × 10−8 RIU achieved in this active sensor (i.e., due to the in-
crease in the Q-factor by about three orders of magnitude with
respect to a passive microdisk). Fully exploiting the benefits of
the narrow linewidth, and the high intrinsic LOD, of the active
microdisk would require eliminating the noise sources present
in the current system.

Finally, the microdisk laser is used to detect rhS100A4 pro-
teins present in known concentrations using synthetic urine as a
model of a complex body fluid. Molecular recognition based on
highly specific protein–antibody reactions is used for the
biosensing. To that end, monoclonal antibodies, which are able
to bind rhS100A4, are immobilized onto the surface of the mi-
crodisks using the approach suitable for Al2O3:Yb

3� surfaces
previously designed by us [30]. In order to determine the noise
during biosensing experiments, samples of synthetic urine
(SurineTM Negative Urine Control, Sigma Aldrich) are flown
over the microdisk laser at a flow rate of 40 μl/min [Fig. 4(b)].
An increase of the beatnote frequency can be observed
during the initial 1 to 4 min after the introduction of the
urine, due to temperature fluctuations. An average noise of
σ � 30 MHz is determined over the last 10 min; in the protein
experiments, this figure was σ � 25 MHz. Synthetic urine
spiked with increasing concentrations of the rhS100A4 protein,
ranging from 100 pM to 3 μM, is then flown over the sensor.
The evolution of the RF spectra due to the binding of proteins
to the immobilized antibodies is recorded for 20 min per con-
centration. Figure 5 shows the shift of the lowest frequency RF
beatnote peak as a function of time for different protein con-
centrations. For all of them, a positive shift of the RF frequency
occurs. This signal flattens over time, indicating that a dynamic
equilibrium between binding and disassociation of the proteins
to the antibodies is reached. Furthermore, the total amount of
frequency shift after 20 min increases with the protein concen-
tration. The lowest detected rhS100A4 protein concentration

Fig. 3. Bulk sensing characterization. (a) Beatnote frequency
(between the lower frequency laser peak and the external laser) as a
function of time for different chip holder temperatures. DI water was
flown through the microfluidic channel during the experiment at a
flow rate of 10 μl/min. (b) Temperature slope sensitivity. The dotted
line is a linear fit. (c) Beatnote frequency as a function of time as differ-
ent concentrations of NaCl in DI water (0.0–0.5 wt. %) are flown over
the microdisk laser sensor in time steps of 3 min with a flow rate of
30 μl/min. (d) Bulk refractive index slope sensitivity. The dotted line is
a linear fit.

Fig. 4. (a) Beatnote frequency between both laser modes and the
external laser during 3 min of DI water flow. A frequency noise of
7 MHz was determined. (b) Beatnote frequency of the lower laser
mode during a 20 min flow of synthetic urine. Four experiments were
carried out. The increase in the beatnote frequency at about 1 to 4 min
results from the short-time temperature overshoot caused by the in-
troduction of the urine samples. The beatnote frequency returns to
the baseline after the overshoot. The frequency noise was determined
during the last 10 min of the measurement to be ∼30 MHz.
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in synthetic urine is 300 pM, for which a frequency shift of
162� 13 MHz is recorded, which exceeds three times the
noise in blank synthetic urine samples (90 MHz). This result
represents one of the lowest concentrations reported in the lit-
erature for the label-free detection in a complex matrix (i.e.,
synthetic urine), and it is 1 order of magnitude lower than
the LOD that we achieved for the same protein using a passive
ring resonator sensor [30]. However, as discussed above, this
limit is still far from the intrinsic LOD derived by the laser
linewidth. This result shows the possibility of using an active
disk resonator to detect a clinically relevant cancer biomarker
from a complex liquid, such as urine, at low LOD.

To conclude, in this work, we report the first proof of con-
cept of the label-free biosensing capabilities of active, laser-based
sensors based on Al2O3:Yb

3� microdisk resonators. The micro-
disks lasers can be integrated on-chip and, combined with mi-
crofluidics, exhibit narrow-linewidth single-mode lasing while
operating in an aqueous environment. A heterodyning detection
scheme using an external reference laser operating at a wave-
length very close to the emission wavelength of the microdisk
was used. A bulk refractive index sensitivity and LOD compa-
rable with the state-of-the-art passive sensors was achieved, but
with the advantage of using a simple, (potentially) portable, and
low-cost readout scheme. Upon the stable binding of antibodies,
the specific molecular recognition of rhS100A4 proteins, asso-
ciated to cancer development, in synthetic urine was demon-
strated. Detection of concentrations as low as 300 pM shows
the biosensing capabilities of the Al2O3:Yb

3� microdisk reso-
nators. These results pave the road towards the realization of
biosensing platforms based on active, laser-based devices easy to
integrate in point-of-care instruments equipped with portable,
simple, and relatively cheap readout schemes.
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