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A method based on thermal bistability for ultra-low threshold microlaser optimization is demonstrated.

When sweeping the pump laser frequency across a pump resonance, the dynamic thermal bistability slows

down the power variation. This enables a realtime monitoring of the laser characteristic, for a functionalized

microsphere exhibiting a sub-microwatt laser threshold. This approach is confirmed by comparing the results

with a step-by-step recording in quasi-static thermal conditions. c© 2010 Optical Society of America

OCIS codes: 140.3945, 140.3410, 140.3530, 140.6810, 130.3990

Submitted to Optics Letters

Optical microcavities have drawn a large interest in
the last two decades and received numerous applica-
tions, including Cavity-QED (CQED) and photonic de-
vices, like light emitting diodes or microlasers. A special
attention has been devoted to molten silica microcavi-
ties induced by surface tension, like microsphere and mi-
crotoroids, which benefit from a sub-nanometer rough-
ness, significantly smaller than for lithographically de-
fined cavities. Their whispering gallery modes (WGMs)
feature the highest quality factors (up to 1010 in the in-
frared), with moderate modal volumes down to about
100λ3. In a recent experiment J. Kimble and co-workers
have demonstrated strong coupling regime of CQED for
a microtoroid coupled to cold atoms [1].
For more practical applications, the weak coupling

regime is also interesting, and the moderate coupling
of a single emitter can be compensated by the collec-
tive coupling of several emitters. Hence the key property
of silica microcavities is their very high quality factor,
enabling laser operation with a pump power threshold
in the microwatt range, or even less [2]. These ultra-
low-threshold lasers have been obtained by silica func-
tionalization with embedded rare earth ions (RE). Dif-
ferent RE doping techniques, like fiber doping, sol-gel
coating, ion implantation, co-deposition or co-sputtering
have been successfully used with Nd3+, Er3+, and Yb3+

or with mixtures [2–5].
In this paper, we focus on the new method we have

developed to measure the optical pump–emission charac-
teristic of a microlaser, taking advantage of the thermal
effect induced by the pump laser. As is well known, a high
quality factor monolithic cavity exhibits a thermal non-
linearity, due to self-heating by the minute optical power
dissipated by internal losses. This nonlinearity leads to a
thermo-optic bistability, with a very low threshold result-
ing from the high quality factor and the small heat capac-
ity of the resonator [6–8]. We show that this provides a

fast, efficient and accurate method to visualise, measure
and optimize the laser characteristic. In this method, the
pump laser frequency is not fixed on a resonance, but
it is swept across a WGM resonance. The simultaneous
monitoring of the injected power and the emitted signal
directly provides the pump–microlaser characteristic, of
which the threshold and differential efficiency are easily
read out in realtime. For the first time, this approach
is used to optimize the threshold and efficiency of mi-
crolasers. It is demonstrated on silica microspheres em-
bedding neodymium-doped gadolinium oxide nanopar-
ticules, which reproducibly feature sub-microwatt laser
threshold.
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Fig. 1. (Color online) Sketch of the experimental setup.
A free running laser diode is used as pump source to
excite the RE in the microsphere. The pump laser and
microlaser emission are denoted as blue and red, respec-
tively. DM: dichroic mirror; BS: beamspliter; RG: Schott
long pass filter RG850.

A sketch of the experimental setup is shown in Fig. 1.
The heart of the experiment, where the microsphere is
evanescently coupled to the fiber taper has been de-
scribed in Ref. [9], as well as the microsphere fabrication
by CO2 laser melting of a thinned fiber. The fiber ta-
per coupler is produced by pulling a single-mode optical
fiber heated by a microtorch, as described in Ref. [10].
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The functionalization is performed by using Nd doped
Gd2O3 nanocrystals that are prepared by mixing Gd and
Nd chloride and Sodium hydroxide in diethylene glycol.
They are then transferred to alcohol to form a colloidal
suspension [11]. The microsphere is dip-coated in this
suspension and heated for a few seconds in order to an-
neal the nanoemitters and to embed them close to its
surface, ensuring maximal coupling with low radial or-
der WGM. The functionalized microspheres usually have
Q-factors, measured by using a single-mode laser diode,
ranging from 107 to 108 at pump wavelength λ ≈ 805 nm
and above 108 at emission wavelength λ ≈ 1083 nm.
Since aging problems due to water deposition is often ob-
served, the 66 µm diameter silica microsphere described
here was stored for a few days in order to achieve stable
lasing conditions. Its quality factor was then reduced to
8.5106 at pump wavelength and 4.7107 at emission wave-
length. These still very high figures lead to low threshold
lasing and low threshold thermal bistability.
A free running laser diode (Sanyo DL-8141, λ ≃

805 nm) is coupled to the fiber taper and used to pump
neodymium ions in the microsphere. As in Ref. [12], spe-
cial care is taken to filter out a small fluorescence from
this laser-diode in the 900-950 nm band thanks to a dis-
persion prism inserted between the pump laser and the
input fiber coupler. The pump laser current and tem-
perature are then adjusted to selectively excite a nar-
row linewidth WGM, that can be chosen of low angular
order by using the method of Ref. [9]. On output, the
transmitted pump is filtered out by the dichroic mirror
and measured by the silicon detector PD1. After removal
of the residual pump power by a longpass Schott filter
RG850, the emitted light coupled out by the taper is
analyzed in different ways. At first, we use a short fo-
cal length spectrometer (Acton SP300i, f = 300 mm)
equipped with a spectroscopic camera (CCD1). With a
300 gr/mm grating, it records wide range spectra with
a resolution of ∼ 0.2 nm. The emitted signal can also
be led by a fiber to a long focal length monochromator
(Jobin Yvon THR1500, f = 1.5 m, 1200 gr/mm), the
resolution of which, close to 0.01 nm, allows to resolve
the fine structure of the peaks shown in Fig. 3 and to
select a single mode of the laser signal. A beam splitter
allows to send the transmitted beam to the InGaAs pho-
todiode PD2 and to an high sensitivity EMCCD silicon
camera CCD2 (Photometrics Cascade 512B).
To observe the onset of laser action, the absorbed

power was first swept by using a stepwise method. This
sweep is achieved by stepping the frequency of the pump
laser diode. Due to thermal effect, this frequency change
results in a slow variation of the power injected in the
cavity, as shown in Fig. 2. The timing diagram of this
step-by-step sweep is plotted in inset. As the time in-
tervals (∼ 0.1 − 0.6 s), are much longer than the ther-
mal time-constants (. 15 ms), each step corresponds to
a steady-state operation. Emission spectra obtained on
CCD1 for increasing absorbed power are plotted in 3-D
in Fig. 3, and clearly evidence a multimode laser opera-
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Fig. 2. (Color online) Transmitted pump (PD1) vs steps:
the green triangles are the reference obtained for a large
gap, and the red circles obtained for a gap of ∼ 150 nm.
The vertical arrow denotes the “absorbed pump power”.
Inset : time diagram, showing the TTL pulses used for
synchronisation of the frequency steps (staircase shaped
red curve), the exposure gate of the CCD and the
measurement of PD1 signal. The delays represented by
the horizontal arrows are in chronological order: settling
time 0.1 s, PD1 measurement 0.1 s, CCD1 exposure time
0.4 s, CCD1 frame transfer delay 0.6 s.

tion with a threshold of about 500 nW. This is confirmed
by the inset of Fig. 3, where the area of the lasing peaks
A and B, and of the 1054 nm photoluminescence (PL),
are plotted as a function of the absorbed pump power.
The PL clearly exhibits a quasi-saturation at threshold,
an expected signature of population clamping.
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Fig. 3. (Color online) Emission spectra with increasing
absorbed pump power for a limited step range (denoted
by the doted rectangle in this figure and in the last one).
Inset: Area of lasing peaks A and B (red triangles and
blue squares respectively) and of PL (green circles). The
PL signal is multiplied by a factor 10 for clarity.

To free ourselves from the multimode behavior, we use
the high resolution spectrometer to filter out a single fre-
quency. The lasing starting at ultra-low absorbed pump,
we keep the incident pump power on the sphere lower
than 10 µW in the whole experiment. We continuously
scan the pump laser across a WGM resonance over a
small frequency range of ∼ 0.6 GHz. The transmitted
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pump intensity measured on PD1 and the filtered laser
signal measured on PD2 are simultaneously monitored
on a digital oscilloscope, leading to the curves plotted
in Fig. 4. In this figure, the pump signal (upper red
curve) clearly exhibits a well-known thermal dynami-
cal bistability, characterized by the asymmetry between
the decreasing and increasing frequency periods. The
black doted line is a best fit to the numerical solution of
the differential equation for the temperature difference
θ(t) = T (t)− T0:

θ̇ = APinc/(∆(t)2 + (γ/2)2)− γth θ(t) , (1)

where the first term represents the heating, and the
second the thermal leak. The heating is proportional
(with a constant A) to the incident power Pinc and to
a Lorentzian-shaped curve involving the effective detun-
ing ∆(t) = ω(t) − ω0 − Kθ(t), where ω(t) is the mod-
ulated frequency of the pump, and K the thermo-optic
coefficient of the cavity. As in the precedent method,
the baseline (green upper curve) has been first recorded
with a large gap between the microsphere and the ta-
per, and the absorbed pump power can be determined
by subtracting the resonance dip from the baseline.
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Fig. 4. Simultaneous recording of the absorbtion dip (up-
per red curve) and of the microsphere emission (lower
blue curve). The triangle wave is the frequency modu-
lation of the pump laser. The dotted line is a fit to the
theoretical transmission curve deduced from Eq. (1).

As expected, the onset of microsphere emission (and
underlined by the vertical arrow) occurs only when the
absorbed pump signal reaches a finite value, which cor-
responds to the laser threshold. An X-Y plot, as used
in Fig. 5, allows to measure the threshold and estimate
the differential efficiency in realtime. Here the thermal
effect provides a slow and smooth injected power varia-
tion, which has several advantages: (i) it allows the laser
to adiabatically remain in steady state, (ii) it allows to
work with a high sensitivity but low bandwidth InGaAs
photodiode, (iii) the continuous sweeping weakens the
noise due to the jitter of the pump laser.
To verify that the measured slope and threshold are

actually those of the laser, we scan the pump laser at dif-
ferent repetition frequencies between 0.5 and 25 Hz. In
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Fig. 5. Laser output power as a function of absorbed
pump power, for different scan speeds (0.5, 1, 5 Hz) over
the same range (0.6 GHz). Inset: corresponding trans-
mitted pump and laser output curves.

Fig. 5, the obtained laser characteristics for 0.5, 1 and
5 Hz repetition rates are plotted on the same graph,
demonstrating a very good consistence, despite their
frequency-dependant shape, as shown in the inset. To
confirm this result we make a last check, by using the
step-by-step method and recording on PD2 the micro-
laser power transmitted by the high resolution spectro-
graph. The result is a steady state characteristic, plotted
in Fig. 5 with open circles, and is in perfect agreement
with the realtime characteristic. The scanning character-
istics obtained at higher frequencies (above 10 Hz) are
rather different because of the decreasing thermal effet
and of the limited bandwidth of our detector.
In summary, we have developed two similar simple

methods to characterize the laser characteristics micro-
lasers based on rare earth emitters. Both methods take
advantage of keeping a very high quality factor for the
doped microcavities. This results in a strong thermal ef-
fect, allowing to control the pump power by the means
of frequency sweeping. One of these methods can work
at a rate as high as 10 Hz, allowing a realtime opti-
mization of the coupling conditions. This promising ap-
proach allowed to demonstrate a sub-microwatt thresh-
old neodymium-based laser, and will be applied for fur-
ther optimizations to be published in a next future.
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