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Ultrasensitive Surface Spectroscopy with a Miniature Optical Resonator
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The number density and orientation of molecules at the surface of a total-internal-reflection-ring
minicavity are probed with extremely high sensitivity in a novel realization of the cavity ring-
down optical absorption experiment. The modes of the ultralow-loss cavity, which are excited by
photon tunneling, have long lifetimes that are sensitive to the presence of absorbing species in the
evanescent field near a cavity facet. The total-internal-reflection-ring cavity extends cavity ring-down
spectroscopy to surfaces and condensed matter, permitting a wide range of novel fundamental studies
and applications. Routine single molecule detection may ultimately be feasible.

PACS numbers: 82.65.Pa, 42.79.–e, 78.20.–e, 82.80.Ch
In recent years, the use of an optical cavity to enhance
sensitivity in absorption spectroscopy has shown consid-
erable promise [1], with the potential for reaching the
shot-noise detection limit at high fluence [2,3]. Cavity
ring-down spectroscopy (CRDS) [4–6] is one particu-
larly prevalent implementation of cavity enhanced absorp-
tion spectroscopy for gases in which photon lifetime in
a low-loss cavity is the absorption-sensitive observable.
However, CRDS has remained essentially a gas phase
spectroscopic method due to the large intrinsic loss intro-
duced by most condensed matter sampling schemes and
the narrow spectral bandwidth of ultrahigh reflectivity mir-
rors, although some progress has been made [7,8]. Given
the fundamental importance of optical absorption measure-
ments, extension of CRDS to other states of matter has sub-
stantial potential for impact in the physical, chemical, and
biological sciences. This Letter describes a novel strategy
that comprehensively extends CRDS to surfaces and con-
densed matter by employing a monolithic, total-internal-
reflection(TIR)-ring minicavity [9,10].

The principles and applications of CRDS have been
reviewed elsewhere [5,6]. Briefly, in a typical gas-phase
CRDS experiment, a stable optical cavity is formed from a
pair of concave, highly reflective mirrors. When a light
pulse, usually from a laser source, is injected into the
cavity, the circulating intensity decays exponentially with
a frequency-dependent “ring-down” time, t�v�, given by
the ratio of the round-trip time, tr , to the sum of the round-
trip losses, or

t�v� �
tr

L0�v� 1 Labs�v�
, (1)

where L0�v� is the intrinsic cavity loss, and Labs�v� arises
from absorption by gases contained within the cavity. The
difference in intensity decay rates for the gas-filled and
empty cavities as a function of laser frequency provides
the absolute absorption spectrum of the sample. Since the
intensity decay rate �~1�t� is employed instead of a ratio
of intensities, as in conventional absorption spectroscopy,
the measurement is essentially immune to noise introduced
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by light source fluctuations. The minimum detectable
absorption in CRDS can be expressed as the product of the
relative uncertainty in the ring-down time and the intrinsic
cavity loss [11], or amin � �Dt�t�min

�L0. This form
for amin reveals the simplicity and challenge of CRDS:
Minimize the intrinsic cavity loss and determine the ring-
down time with the highest possible precision.

To extend CRDS to surfaces and condensed matter, the
properties of TIR are employed. For a plane wave inci-
dent on a perfectly smooth interface between two media
with indices of refraction n1 and n2, TIR occurs when the
angle of incidence ui exceeds the critical angle, defined
by uc � sin21�n2�n1�, which in theory provides a perfect
�R � 1�, broadband mirror. In practice, the reflectivity is
less than unity due to surface roughness scattering and non-
specular transmission arising from the nonplanar charac-
ter of real wave fronts. Yet ultrasmooth polished surfaces
with root-mean-square surface roughness of �0.05 nm can
be generated routinely for many optical materials, yield-
ing effective mirror reflectivities of R � 0.999 999 in the
visible region of the spectrum. Furthermore, TIR gener-
ates an evanescent wave with a locally enhanced surface
electric field at the TIR interface, which permits absorp-
tion of an ambient medium to be probed as in the well-
known technique of attenuated total reflectance [12]. A
general applicability to surfaces is achieved because the
TIR condition is not perturbed by the presence of a film
that is thin relative to the evanescent wave decay length,
but sufficiently thick to achieve the chemical equivalence
of a semi-infinite surface. Even for strongly absorbing me-
dia, a sparse distribution of islands, clusters, or adatoms,
can be used to provide insight into fundamental chemi-
cal interactions. To fully exploit the properties of TIR for
CRDS, a TIR-ring cavity is required.

In Fig. 1, a square, TIR-ring cavity is depicted with a
single, convex facet that is required to form a stable optical
resonator. In general, the angle of incidence for a regular,
polygonal TIR-ring cavity with n facets is given by ui �
p�n 2 2��2n. For a judicious choice of n, ui . uc is ful-
filled by the single ui for the full transmission range of a
© 1999 The American Physical Society 3093
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FIG. 1. A total-internal-reflection-ring minicavity is depicted
that achieves a comprehensive extension of CRDS to surfaces
and condensed matter. The cavity is fabricated from ultrahigh-
transmission optical material in the form of a regular polygon
with a convex facet that refocuses the internally circulating
light, forming a stable optical resonator. Light enters and exits
the ring by photon tunneling through coupling prisms, P1 and
P2. The extremely small round-trip optical loss results in long
ring-down times, which are highly sensitive to the presence of
an absorbing medium in the evanescent fields emanating from
the remaining facets.

given optical material, providing broad spectral bandwidth.
The square geometry forms the simplest fused-silica reso-
nator that sustains modes by TIR from the ultraviolet
to the near-infrared region. Photon tunneling across the
junctions between the monolithic cavity and the coupling
prisms P1 and P2 is used to excite and monitor the modes,
respectively, since direct excitation of a cavity mode by a
propagating wave is forbidden. The dependence of cou-
pling efficiency, cavity finesse, and resonance frequency
on the tunneling junction has been investigated previously
by Schiller et al. [13] for a low-finesse resonator. At the
impedance-matched condition where the round-trip loss
equals the coupling loss, the on-resonance transmission is
near unity. At larger gap widths, the finesse approaches a
constant, maximum value, where coupling losses are small
relative to other losses. Operation in the weakly coupled
region therefore maximizes and stabilizes the ring-down
time with respect to variations of the tunneling junction.
Evanescent waves emanate from the remaining facets to
probe the absorption of an ambient medium.

The relationship between the ring-down time and
sample absorption for the TIR-ring cavity is described by
Eq. (1) with L0�v� � Lbulk 1 Ldiff 1 Lsurf 1 Lnspec 1

Lcoup , where Li correspond to bulk, diffraction, surface
scattering, nonspecular, and coupling losses, respectively.
The magnitude and frequency dependence of the different
losses have been examined in detail previously [9]. With
proper material selection and cavity design, L0�v� can be
in the range of 1 3 1027 # L0 # 1 3 1023 over broad
spectral regions, yielding long ring-down times that can
be measured with high precision.
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The initial experiments used a 7.5 mm 3 7.5 mm 3

5.0 mm square cavity which was fabricated from selected
fused silica. The cavity facets, including a 2.23 cm radius
of curvature convex facet, were polished to 0.05 nm rms
surface roughness. As indicated in Fig. 1, piezoelectric
translators were used to provide precise �65 nm� control
of the tunneling junctions. Simple interferometry permit-
ted absolute measurement and monitoring of the junctions.
With diffraction, surface scattering, and nonspecular losses
rendered small by design and fabrication, the intrinsic cav-
ity loss becomes bulk-loss limited if weak coupling is em-
ployed. Figure 2 shows the round-trip intrinsic loss and
ring-down time on opposite axes as a function of wave-
length for the square cavity. Each data point was obtained
by averaging 75 ring-down times which were extracted
from single-shot decays by using a weighted fitting routine.
An excimer-pumped, pulsed dye laser, which generated
20 ns, �1 mJ pulses, was used as the excitation source
without mode matching. The decay waveforms were de-
tected with a photomultiplier tube and an eight-bit digital
oscilloscope, as in Ref. [7]. Over the wavelength region
of Fig. 2, the intrinsic loss decreases rapidly, correspond-
ing to the decreasing bulk loss for fused silica. At 580 nm,
L0 � 80 3 1026, which yields a minimum detectable ab-
sorption of amin # 1.6 3 1027, given a relative uncer-
tainty in the decay time of 0.2% or better. Above 600 nm,
the bulk losses of fused silica decrease substantially, reach-
ing a minimum of �5 3 1027 cm21 in the near-IR. Ex-
tremely high sensitivity absorption measurements can be
anticipated in this spectral region, possibly reaching single
molecule detection as discussed below. Yet, even at
450 nm, a ring-down of �200 ns for this cavity remains
sufficiently long to permit absorptions of �1 3 1026 to be
detected. Furthermore, since both in-plane �p� and out-of-
plane �s� polarizations have high finesse for the TIR-ring

FIG. 2. The round-trip intrinsic loss (in parts per million) and
ring-down time (in microseconds) are shown on opposite axes
as a function of wavelength for a fused-silica cavity, as in
Fig. 1, with a 2.12 cm round-trip path length and a 2.23 cm
radius-of-curvature convex facet.
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cavity, a rich variety of polarization dependent phenomena
can be probed.

Figure 3 shows single-shot ring-down traces with decay
times of 1.270 and 1.278 ms for s- and p-polarized
cavity modes, respectively, obtained at 580 nm for the
nascent resonator. The inset of Fig. 3 defines the surface
coordinate system and shows the components of the
electric field intensity of the evanescent wave as a
function of distance from the cavity facet [12]. An
understanding of the direction and magnitude of the
electric field intensity is essential for interpreting optical
absorption by a surface-bound molecule, since only an
optical field component that is parallel to the molecular
transition dipole moment will be absorbed. At the TIR
surface �z � 0�, the x, y, and z components of the
field intensity, jExj

2, jEyj
2, and jEzj

2, are modified by
factors of 0.4112, 3.783, and 7.154, respectively, relative
to the incident field intensity. The p-polarized cavity
mode, which is composed of Ex and Ez , is dominated
by the strongly enhanced z component that is normal
to the cavity facet, while the s mode is composed of
Ey only, which lies in the plane of the TIR surface.
With knowledge of the field magnitude and direction,
measurement of the dichroic ratio of s- to p-polarized
absorptions, r � As�Ap , can be related to the molecular
orientation [14]. Figure 4 shows ring-down traces for
s- and p-polarized modes under identical conditions with
Fig. 3, but a TIR facet has been exposed to I2 vapor

FIG. 3. Ring-down traces for s- and p-polarized modes of
a fused-silica, square-TIR-ring minicavity are shown for a
single laser pulse at 580 nm, where the s-polarized decay is
slightly offset for presentation purposes. The cavity modes
incur a fractional loss of only �80 3 1026 per round-trip.
The inset shows the electric field intensity components of
the evanescent wave calculated using the Fresnel equations
as a function of distance from a cavity facet relative to the
incident intensity. The surface coordinate system is also shown.
Knowledge of surface field direction and magnitude allows
molecular orientation to be probed for an absorbing molecule at
the surface.
[15], which has a visible X √ B transition dipole moment
that is aligned with the molecular axis. The inset of
Fig. 4 shows the polar and azimuthal angles, u and f,
respectively, for describing orientation of adsorbed iodine.
Note that both s- and p-polarized modes show a change in
ring-down time with ts � 0.497 ms and tp � 0.889 ms,
but the s-polarized mode shows a significantly larger
change, despite the smaller field enhancement associated
with Ey , suggesting that I2 molecules are preferentially
oriented with their molecular axes parallel to the surface.

To describe orientation quantitatively, a distribution
function N�u, f� should be invoked. A common strategy
is to expand N�u, f� in spherical harmonics, reducing the
measurement to a determination of expansion coefficients
dlm. In general, dichroic ratio measurements yield only
the value of d20, which is often referred to as the
“order parameter.” N�u, f� is frequently assumed to be
isotropic in w and sharply peaked in u, leading to the
interpretation of d20 in terms of an average polar angle
uavg, obtained from d20 � �3 cos2uavg 2 1��2. From the
results of Figs. 2 and 3, d20 � 20.50 is found, which
yields uavg � 90±, corroborating the conclusion that I2
lies flat on the resonator surface. Yet at a given precision
for d20, many distribution functions are possible, differing
in shape, width, and most probable angle. By improving
the precision of d20 measurements, some differentiation
between distributions may be possible [16]. The greater
sensitivity provided by the TIR-ring cavity will enable
more precise dichroic ratio measurements for weakly

FIG. 4. Ring-down traces for s- and p-polarized modes for
the identical conditions of Fig. 3, but a TIR facet of the
resonator has been exposed to I2 vapor at ambient temperature.
Optical absorption by molecules in the evanescent field of
a cavity facet is detected as a decrease in the ring-down
time arising from an increase in the round-trip loss. Both
polarizations show a change in decay time, but a larger change
for the s-polarized mode suggests that I2 molecules lie flat on
the surface, since the electric field for this mode is parallel to
the surface. The inset shows the relevant angular coordinates
for describing orientation. The base ring-down time of Fig. 2
is regained with removal of the I2 source.
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absorbing systems, potentially providing more decisive
measurements of orientation.

In addition to providing insight into surface bonding and
reactivity, knowledge of molecular orientation is also re-
quired to quantify of surface coverage, which has been a
long-standing problem in surface science. The absorp-
tion cross section for the surface-bound species is also
required, but is generally not known. In addition, chemi-
cally different surface sites and surface chemical reactions
can occur and are likely important on the nascent SiO2
surface of the resonator. Iodine serves as a suitable probe
molecule because the gas-phase peak absorption cross sec-
tion at 520 nm of 2.56 3 10218 cm2�molecule [17] does
not change substantially with physisorption [18]. Assum-
ing I2 is physisorbed and lies flat on the surface, an es-
timated minimum detectable coverage of �0.006% of a
monolayer �1 monolayer � 4.5 3 1014 sites�cm2� is ob-
tained. This estimate is based on a minimum detectable
absorption of 1.9 3 1027, which is achieved for a 25 laser
shot average, providing a relative standard deviation in t of
0.2% (instrumentation-limited). Significant improvements
in sensitivity can be anticipated by reaching the shot-noise
limit at high fluence and by further reducing intrinsic loss.

To obtain the highest sensitivity, excitation of only the
lowest order transverse cavity mode, TEM00, must be em-
ployed, which significantly improves decay time precision
[2]. Single transverse mode excitation is facilitated by the
use of a narrow linewidth source, which also results in in-
creased light throughput as the laser linewidth approaches
the cavity linewidth. Since the shot-noise-limited un-
certainty is N21�2, where N is the number of photons
arriving at the detector, the uncertainty improves with
increasing throughput. By achieving shot-noise-limited
detection at high fluence, the ultimate sensitivity will be
achieved. Sensitivity will also increase when working in
other spectral regions, by employing other optical materials
with lower bulk attenuation, or by reducing the size of the
resonator to its optimum value [9]. For example, consider
detection of the surface hydroxyl groups of the nascent
resonator surface. In the near-IR, a bulk attenuation
of �5 3 1027 cm21 can be obtained for fused sil-
ica, which will permit absorptions of #10210 to be
measured. Assuming an absorption cross section of
�10218 cm2�molecule, detection of �600 surface
OH groups (�3 3 1028 of a monolayer) in the
31 mm 3 44 mm elliptical area sampled by a resonator
as in Fig. 1 should be feasible. Different forms of the
surface hydroxyl group, such as vicinal or terminal SiOH
or adsorbed water, can also be spectrally distinguished
to probe the surface chemistry of this technologically
important system. At this sensitivity level, density
fluctuations should be detectable, which are precursory
to single molecule detection [19]. In the mid-IR, where
vibrational spectroscopy is most informative, certain
fluoride glasses [20] can provide a bulk attenuation of
,1 3 1027 cm21, which should permit single molecule
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detection of a wide variety of chemical species, possibly
at ambient temperature.
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