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Ultralow-loss concave micromirrors with radius of curvature below 60 μm were fabricated by laser ablation and
reflective coatings. A 10-μm-long microcavity with a mode volume of 40 μm3 was set up with two such mirrors,
and the cavity linewidth was measured both spectrally and temporally. The smallest linewidth obtained was
96 MHz, corresponding to a quality factor of 3:3 × 106 and a finesse in excess of 1:5 × 105. With these parameters,
we estimate that a variety of solid-state quantum emitters coupled to the cavity may enter the strong coupling
regime. © 2010 Optical Society of America
OCIS codes: 120.2230, 270.0270.

Traditionally used in macroscopic lasers and sensors,
and more recently in microscopic semiconductor lasers
[1], optical cavities are now a critical component in the
rapidly growing research fields of cavity QED [2,3] and
optomechanics [4]. For many applications, cavities com-
bining large quality factor, Q, and small mode volume, V ,
are desirable as they offer long cavity photon lifetimes
and strong circulating electric fields. For example, in cav-
ity QED, the strong coupling between a single cavity
mode and a single quantum emitter is reached when the
circulating electric field is large enough such that the cor-
responding Rabi period is shorter than both the emitter’s
decoherence time and the cavity photon lifetime. In cav-
ity optomechanics, small cavities with largeQ are needed
to couple to small high-frequency mechanical resonators.
Integrated approaches using micropost [3,5], photonic
crystal defect [6], and whispering gallery mode [7–9] re-
sonators are thus very attractive, but they come with se-
vere restrictions on spectral tunability. This issue is well
known in VCSELs [10]. Nonetheless, low-threshold lasers
[7], single-photon sources [11], and sensors [12] currently
all rely on these types of microcavities.
An alternative approach is a cavity of the Fabry–Perot

(FP) type based on freely movable curved mirrors [13]. It
has the advantage of being fully tunable and can be mode
matched to an optical fiber for efficient light collection.
But while macroscopic FP cavities with a finesse exceed-
ing 1 million have been available for over a decade [14],
downscaling these cavities has been challenging because
of the difficulty of fabricating microscopic concave sphe-
rical features with low enough surface roughness. Recent
advances in microfabrication, along with annealing with
a CO2 laser or a gas flame, now allow micrometer feature
sizes with subnanometer surface microroughness [9]. A
focused CO2 laser can also be used directly in an ablation
process to simultaneously produce spherical features
and anneal them. In this manner, together with the de-
position of reflective coatings, mirrors of exceptionally
high quality have been obtained, and cavities with a
finesse as high as 37,000 and a mode volume of
600 μm3 have been demonstrated [15]. However, al-
though these have enabled milestone experiments in
cold-atom cavity QED, the reported mirror finesse is still

far from the theoretical limits imposed by surface rough-
ness. In addition, significantly smaller mode volumes
are necessary for solid-state cavity QED experiments
using quantum emitters, such as single molecules [16],
impurity centers [17], colloidal nanocrystals, and quan-
tum dots [18,19].

Motivated by applications in cavity QED with semicon-
ductor quantum dots [20,21], we have fabricated micro-
mirrors using laser ablation with significantly improved
finesse and lower mode volume. We report here the fab-
rication and characterization of these cavities. A surface
roughness below 0:4 nm of the concave substrate com-
bined with a high-quality dielectric coating allow us to
reach a finesse exceeding 150,000; at the same time, the
mode volume is only 40 μm3 at a wavelength of λ ¼
920 nm. With these parameters, we calculate that, for
a single quantum emitter coupled to the cavity, the strong
coupling regime could be reached. Moreover, the emis-
sion may be coupled directly into a single-mode fiber.

The micromirrors were created either at the tip of sin-
gle-mode fibers or on planar fused silica substrates using
a CO2 laser operating at a wavelength of λ ¼ 10:6 μm.
The laser was focused to the fiber core with a 25 mm fo-
cal length ZnSe lens and created concave features with a
diameter ranging from 10 to 100 μm of the order of 1 μm
deep. Typical laser powers used were of the order of
100 mW. Figure 1(a) shows an atomic force microscope
(AFM) image of a laser ablated concave feature. The im-
age reveals a smooth concave spherical surface with
radius of curvature of around 30 μm and rms surface mi-
croroughness near 0:2 nm [Fig. 1(b)]. The mirrors were
then coated by ion-beam sputtering with a reflective coat-
ing consisting of 44 dielectric layers of SiO2 and Ta2O5,
having a theoretical maximum reflectivity R ¼ 1 − T ¼
1 − 3 × 10−7 at a wavelength λ ¼ 955 nm. To set up a mi-
crocavity, two mirror-tipped fibers were mounted facing
each other [Fig. 1(c)], onto a piezoelectric actuator. We
report here measurements performed on two different
microcavities (labeled “A” and “B”), consisting of two
sets of similar mirrors all from the same batch.

The quality factor of a low-loss optical cavity can be
accessed either in the time domain through measure-
ments of the cavity ringdown time τ, or in the frequency
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domain via the spectral linewidth. These quantities are
related by τ ¼ 1=ð2πΔνÞ, where Δν is the FWHM of a
transmission resonance. A related quantity that is inde-
pendent of the cavity length is the finesse F ¼ FSR=Δν ¼
2π=ðPi ΓiÞ, where

P
i Γi represents the sum of all round-

trip fractional power losses. When the cavity consists of
two identical mirrors and cavity propagation losses can
be neglected, this expression reduces to F ¼ π=ðT þ ΓÞ,
where T denotes single-mirror transmission and Γ de-
notes all single-mirror losses, such as absorption and
scatter, that are not due to transmission.
To determine the cavity length L and, thus, the free

spectral range (FSR) [c=ð2LÞ], we make use of the reso-
nance condition L ¼ Nλ=2 and study the change in reso-
nant cavity length for a fixed-mode order number N for a
series of different injected wavelengths. Figure 2(a)
shows the transmission through cavity A for three differ-
ent laser wavelengths as a function of cavity length. By
tracking the mode labeled N in the figure, one infers
N ≈ 23 and a corresponding cavity length of L ≈ 10 μm.
Figure 2(b) shows both the fundamental mode of cavity
B and a higher-order transverse mode as well. The fre-
quency separation between transverse modes, δ, can be
used to calculate the mirror radius of curvature ρ ¼
L=ð2 sin2ðπLδ=cÞÞ. With ρ and L ¼ c=ð2FSRÞ known,
the spot size of a fundamental mode at its waist is found

as w0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λððρ − L=2ÞL=2Þ1=2=π

p
. Finally, the mode

volume is V ¼ πw2
0L=4. Table 1 summarizes these values

for cavities A and B. Although the fiber tips are initially in
contact (d ¼ 0), L inferred from FSR is of the order of
10 μm. This is primarily due to the depth of the mirrors;
a depth of ≈ 3:5 μm was measured for mirrors of sizes
similar to those used in cavities A and B.

The cavity linewidth, Δν, was measured by means of a
narrowband tunable diode laser. A reflectivity measure-
ment is shown in Fig. 3(a) at λ ¼ 940 nm (cavity B),
where Δν ¼ 96 MHz and the magnitude of the dip is
about 1.5%.

An independent measurement of the cavity ringdown
time was made using a mode-locked picosecond-pulsed
Ti:sapphire laser and a fast avalanche photodiode. A
laser pulse was introduced into one of the fibers of
the cavity, and the time-resolved transmission was
recorded by time-correlated single-photon counting.
Figure 3(b) shows the result of such a measurement,
where the decay time is τ ¼ 1:6 ns at λ ¼ 925 nm (cavity
A). The corresponding linewidth 1=ð2πτÞ is 100 MHz,
consistent with the frequency-domain measurement.

Fig. 1. (Color online) (a) AFM image of an uncoated concave
precursor to a micromirror on a fused silica chip. (b) Cross-
sectional height profile of the feature with a zoomed in view
showing surface roughness. (c) Schematic of a microcavity con-
sisting of two concave micromirrors (radius of curvature ρ) fab-
ricated at the tips of single-mode fibers.

Fig. 2. (a) Transmission of cavity A as a function of relative
mirror separation for three fixed laser frequencies. (b) Trans-
mission of cavity B as a function of relative mirror separation
for one fixed laser frequency.

Table 1. Summary of Cavity Parameters

FSR δ L ρ wa
0 Va

Cavity A 15 000 2 300 10.3 59 2.2 40
Cavity B 12 900 3 000 11.6 44 2.1 40
Unit GHz GHz μm μm μm μm3

aAt λ ¼ 920 nm.

Fig. 3. (Color online) (a) Spectral reflectivity measurement of
cavity B at λ ¼ 940 nm. (b) Cavity ringdown measurement of
cavity A at λ ¼ 925 nm. (c) Summary of finesse measurements.
Filled (empty) squares represent spectral (temporal) measure-
ments of cavity A. Filled (empty) circles represent spectral
(temporal) measurements of cavity B. The highlighted symbols
refer to measurements in (a) and (b). The solid line is the cal-
culated finesse.
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The mirror finesse is calculated from the spectral
linewidth as F ¼ FSR=Δν. Its values are summarized in
Fig. 3(c), including spectral and temporal measurements
for cavities A andB. Values for the twocavities are in close
agreement. At the frequency at which the coating is maxi-
mally reflective, F is measured to be as large as 150,000,
corresponding to a mirror reflectivity R ¼ 1 − π=F ¼
99:998%. This leads to a cavity quality factor Q ¼ ν=Δν ¼
3:3 × 106 in a mode volume of only 40 μm3.
Relating the measured cavity finesse to the mirror

properties via T þ Γ ¼ π=F , one finds that mirror trans-
mission T is not the dominant loss mechanism limiting
the finesse. Indeed, T can be calculated from the mirror
layer structure to be T ≈ 3 × 10−7 at λ ¼ 955 nm, whereas
π=F ≈ 2:1 × 10−5. Taking an estimate of loss from surface
roughness by the commonly used scattering factor
SðλÞ ¼ ð4πσRMS=λÞ2 [22], one obtains a loss of the order
of 10−5 with σRMS ≈ 0:2 nm from Fig. 1(b) at λ ¼ 920 nm.
Therefore, we conclude that roughness scattering is
likely the dominant source of loss limiting the finesse.
The solid curve in Fig. 3(c) is a plot of the calculated fi-
nesse FðλÞ ¼ π=ðSðλÞ þ TðλÞÞ in which σRMS ¼ 0:34 nm is
found to be the value best fitting the data. Finally, we can
relate T and Γ to the depth of the reflection dip shown in
Fig. 3(a). For a mode-matched input beam, Rmin ¼
Γ2F2=π2 ≈ 1 − 2T=Γ ¼ 96:6% [23]. The measured value
of 98.5% differs primarily due to imperfect mode
matching.
Because the finesse is dominated by loss and not trans-

mission, improved cavity finesse will require mirrors of
even lower surface roughness. However, F is currently
sufficiently high to explore interesting cavity QED and
optomechanical phenomena. For instance, combining
one of these fiber-based mirrors with a semiconductor
sample consisting of quantum dots above a distributed
Bragg reflector [21] would result in a fully tunable fiber
integrated cavity QED system in the “good cavity limit”.
Previous work has focused mainly on the opposite re-
gime [18,19], in which the cavity linewidth is much larger
than the emitter linewidth. Strain-induced InAs quantum
dots in an unprocessed sample may have a linewidth as
low as 0:5 GHz near 4 K [21]. By extrapolating the results
of [19], we can expect a Rabi splitting of 1:3 GHz in our
FP microcavities with V ≈ 40 μm3. With nanosecond-long
cavity lifetimes, vacuum Rabi oscillations may be re-
corded directly in the time domain. Finally, the high-Q
microcavity is also promising for coupling to nanoscale
mechanical resonators [24], single atoms or ions [25], sin-
gle molecules [16], impurity centers [17], and quantum
dot nanocrystals.
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