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Abstract
We report an optical method for measuring the thickness of the water layer adsorbed onto the
surface of a high-Q fused-silica microresonator. Light from a tunable diode laser operating
near 1550 nm is coupled into the microresonator to excite whispering-gallery modes (WGMs).
By observing thermal distortion or even bistability of the WGM resonances caused by
absorption in the water layer, the contribution of that absorption to the total loss is determined.
Thereby, the thickness of the water layer is found to be ∼0.1 nm (approximately one
monolayer). This method is further extended to measure the desorption rate of the adsorbed
water, which is roughly exponential with a decay time of ∼40 h when the fused-silica
microresonator is held in a vacuum chamber at low pressure.

Keywords: microresonator, thin films, monolayer, thermal bistability, optical sensor,
whispering-gallery modes, gas–surface interactions

(Some figures may appear in colour only in the online journal)

1. Introduction

When fused silica is exposed to atmospheric water vapor, a
layer of water is adsorbed onto its surface, where the adsorbate
can be investigated through its interaction with an evanescent
optical field [1–4]. The evanescent field could be provided,
for example, by whispering-gallery modes (WGMs) if the
fused-silica material is in the form of a microsphere. WGMs
of dielectric microresonators can serve as sensitive probes
of their environment, through the environment’s interaction
with the WGMs’ evanescent components. For example,
high quality factor (Q) WGM resonances have been used
for microcavity-enhanced laser absorption spectroscopy of
molecules in the ambient gas or liquid [5, 6]. These high-
Q microresonators, with a long photon storage time, are
of interest in various applications such as cavity quantum
electrodynamics, environmental probes, atom trapping, low
threshold lasers, sensing, optical filtering and nonlinear optics
[7–13].

In the work reported here, a tapered fiber, tangent to a
double-stem microresonator in its equatorial plane, carries
light from a tunable diode laser to excite WGMs of the
microresonator by optical tunneling when the evanescent fields
of the fiber mode and WGM overlap. This coupling fiber is
reduced in diameter to 2–3 μm by heating and stretching, using
the hydrogen–oxygen torch and the translation stages shown
in figure 1. The double-stem microresonator, one example
of which is shown in figure 2, is fabricated using the same
apparatus, by gently heating the junction of two stripped
and cleaned fibers while pushing them together using the
translation stages. Surface tension pulls the molten silica into
a spheroidal shape with an equatorial radius of a few hundred
μm. Both stems are then tapered to diameters of about 3 μm,
to minimize heat loss by stem conduction. The two stems are
then epoxied to a steel mount shown in figure 1 before the
microresonator is removed from the translation stages.

As soon as the double-stem microresonator is fabricated,
upon exposure to the atmosphere a layer of water is adsorbed
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Figure 1. Apparatus used for tapering fiber and fabricating
double-stem microresonator.

onto its surface. The work here is an extension of our
earlier measurements [7, 14]. Thermal distortion, leading to
bistability if it is large enough, of a WGM resonance is
caused by absorption of the circulating light by the surface
water layer and subsequent thermorefractive redshift of the
resonance frequency. The distorted response gives us the heat
supplied by the fraction of total optical power lost due to
absorption, and thus can be used to find the contribution of
the water film absorption to the total optical loss [14, 15].
This minimally invasive ultrasensitive method can therefore
determine the thickness of the sub-nm absorbing layer of water
formed at ambient conditions with a precision of a few pm.
Performing this thickness measurement at various times after
the ambient pressure has been reduced to the mTorr range then
allows the determination of the rate of desorption of the water
layer.

The properties of water layers on silica have been studied
for several decades. The modern literature concentrates on
silica films of varied porosity [16–21], from native oxide
on Si, to films produced by chemical vapor deposition, to
silica nanoparticle aerogels. Methods used for characterizing
their adsorbed water include infrared absorption measured
by diffuse reflectance [16], laser-induced thermal desorption
[17], nuclear magnetic resonance [18], and impedance and
capacitive response [19], among others. In contrast to
these techniques, our method is simple, precise and non-
invasive. Scanning probe methods [20] require a complex
setup and proper sample preparation, only provide nm
accuracy, and different scanning probe techniques such as
distance dynamic force spectroscopy and distance tunneling
spectroscopy produce results that do not agree well with
each other. Our WGM absorption method has better precision
than the WGM frequency-shift method described in [21],
and has the further advantage that it is less sensitive to
the 1.6 MHz mK−1 frequency shift of WGMs in a silica
microresonator that results from temperature fluctuations.

2. Theory

A wide range of thermally induced behavior such as hysteretic
wavelength response and oscillatory instability is observed
experimentally for microsphere WGMs [14, 15, 22, 23].
Thermal distortion refers to a microsphere’s throughput signal

Figure 2. Photograph of a typical fused-silica microsphere with two
thin (∼3 μm diameter) stems. This one has an equatorial radius of
approximately 300 μm.

depending on the laser frequency scan direction. If the power
of the laser that excites the WGMs is high enough (∼150 μW
in our case), its absorption will heat the microsphere if
it is scanned slowly enough across a WGM resonance.
When the laser frequency is scanned in the direction of
increasing frequency, a fraction of its power is absorbed as
it approaches the WGM resonance, thus shifting the WGM
frequency downward, opposite to the scan direction. This
causes the apparent WGM linewidth to be smaller than its
actual linewidth. When the laser frequency is scanned in the
direction of decreasing frequency, the resonance frequency
redshift results in an apparent linewidth larger than the actual
linewidth. When this effect is large enough, it will result in
thermal bistability.

By reducing the input power to a level too low to produce
any distortion, the characteristics of a WGM can be measured.
The throughput power (carried by the fiber after coupling to
the WGM) shows a Lorentzian dip as the laser is scanned
through a WGM resonance at frequency ν0. This dip has
linewidth �ν and fractional depth M0 = 4x/ (1 + x)2, where
x = |κ|2 /2π aαi is the ratio of coupling loss |κ|2 to intrinsic
loss 2π aαi, in which a is the microsphere’s equatorial radius
and αi is the intrinsic loss coefficient; the (loaded, i.e., with
coupling loss included) quality factor is given by

Q = ν0

�ν
= 2π n

λ(1 + x) αi
, (1)

where n = 1.44 is the index of refraction of fused silica in the
range of wavelengths λ = 1550 ± 15 nm. Measurement of
ν0, �ν and M0 permits the coupling loss |κ|2 and the intrinsic
loss coefficient αi to be found, provided the coupling regime
is known [5]. We can determine whether a given WGM is
in the undercoupled (x < 1) or overcoupled (x > 1) regime
by observing the throughput response to square-wave input
amplitude modulation, as will be discussed in more detail in
section 3.

Part of the intrinsic loss is due to surface scattering, and
part is due to absorption in the water layer. Other potential
contributions to intrinsic loss, such as radiation or silica
absorption, are negligible in spheres of this size (a ∼ 400 μm)
at the wavelengths used (∼1550 nm) [2]. By increasing the
input power and fitting the observed thermally distorted mode
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profiles to the model described below, we can completely
specify the system losses, determining the fraction β of the
total intrinsic loss that is due to absorption [14, 15]. The
effective absorption coefficient is written as

αabs = βαi. (2)

If a microsphere is heated to a temperature difference
�T above room temperature and the heat source is removed,
then �T will relax exponentially to zero with time constant τ .
This time constant depends on the thermal conductivity of the
ambient gas and thus on the gas composition and pressure; it
also depends on radiative heat loss, but convection is negligible
for our small spheres [7]. Implications of this relaxation
were discussed in detail in our earlier work [7]. When the
microsphere is heated by absorption of the probe laser as
it scans through a WGM resonance, the rate of temperature
change is modified to include a heating term that depends
on the detuning from the temperature-dependent resonance,
the depth of the resonance dip and the power incident on the
microsphere [14]:

d�T

dt
= β M0Pinc

mc

(
�ν
2

)2

(ν(t) − ν0 + b�T )2 + (
�ν
2

)2 − �T

τ
. (3)

In equation (3), m is the microsphere mass, c is the specific
heat of fused silica, M0 is the fractional dip depth, Pinc is
the power incident on the microsphere (and throughput off
resonance), ν(t) is the scanned laser frequency and �ν is the
linewidth of the Lorentzian WGM resonance at v0−b�T where
b is the 1.6 GHz K−1 thermorefractive shift. The time constant
τ is measured for this microsphere for various ambient gas
compositions and pressures in a separate experiment, and so
the only free parameter is β, the fraction of the total power loss
(M0Pinc at maximum) that is due to absorption, as opposed to
scattering. Equation (3) gives �T(t) as the laser scans across
the WGM resonance, and thus the throughput power as a
function of time is given by

Pt (t) = Pinc

(
1 − M0

(
�ν
2

)2

(ν(t) − ν0 + b�T (t))2 + (
�ν
2

)2

)
. (4)

Now, since we know ν(t), which is given by the triangle
wave that scans the laser frequency up and down at a constant
rate, equation (4) can be converted to give Pt (ν). Fitting the
experimental throughput trace to this Pt (ν) by adjusting the
free parameter β gives the value of β, and then the effective
absorption coefficient is found from equation (2).

An approximate expression for the relation between the
effective absorption coefficient of the water layer αabs, its
thickness δ and its bulk absorption coefficient αb has been
given by [2]

δ ∼=
(

λa

πn5

)1/2
αabs

4αb
. (5)

This assumes that the water layer has the same absorption
coefficient as bulk water, but that the effective absorption
coefficient is lower because the thin layer occupies only a small
fraction of the WGM mode volume. From equation (5) and the
value of αabs that is found, we can determine the thickness of

Figure 3. Experimental setup. Light from a frequency-scanned cw
diode laser is launched into a bitapered fiber using a FC
(fiber-coupler-assembly) to excite WGMs of the microresonator. A
polarizing beamsplitter (PBS) separates throughput of the two
polarizations and the vacuum chamber allows control over the
ambient pressure.

an absorbing layer if its bulk absorption coefficient is known,
or vice versa.

The assumption that layer and bulk water have the same
absorption coefficient has been used in earlier work by another
group [2]. It is justified by results that show the water film
absorption coefficient to be the same, to within about 10%,
as that for bulk water, normalized to take their different
concentrations into account [24]. Reference [24] gives this near
equality for wavelengths near 1.9 μm and also near 6.1 μm,
so we assume that it also holds near 1.55 μm.

3. Experimental setup and results

The experimental setup is sketched in figure 3. Light from
a cw tunable diode laser (New Focus 6328) is fiber coupled
into a lithium niobate Mach–Zehnder amplitude modulator,
from which it exits into a single-mode optical fiber that
passes through a polarization controller before being fed
into a vacuum chamber, where its adiabatic bitapered region
is brought into contact with the microsphere. (The vacuum
chamber thermally isolates the microsphere from the lab
environment; its large mass reduces sensitivity to external
temperature fluctuations, and the fact that convection is
negligible helps to suppress internal temperature fluctuations.)
The diode laser is scanned up and down in frequency by
a triangle wave, so that the scan is linear in time and
has the same rate in both directions. The modulator is
turned on momentarily to determine the coupling regime.
Undercoupled and overcoupled WGMs differ qualitatively
in their throughput response to square-wave amplitude
modulation; an undercoupled WGM will show an overshoot
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Figure 4. WGM resonance dip showing thermal distortion. The
fuzzy black line is experimental data. The red solid line is the
theoretical fit. The blue dashed line indicates the mode before
distortion (at low power). For this undercoupled mode at λ =
1542 nm we have a = 426 μm and Q = 3.16 × 106. On the left side
of the figure, the laser is scanning down in frequency at 6 MHz s−1

through the resonance, and on the right the laser scans back up in
frequency at the same rate through the same resonance.

at turn-on of the input, before reaching steady state, while
an overcoupled WGM will show an initial rise in throughput
followed by a drop to zero before rising to steady state. The
polarization controller is usually set so that a single WGM
eigenpolarization (TE or TM) is excited. Thermal distortion
effects are observed in the detected throughput.

Using slow probe laser scan rates (∼10 MHz s−1) and
incident power on the order of 150 μW for the microresonators
used in our experiments can cause prominent distortion and
bistability effects to be observed. We assume that for modes
of differing radial order, which will have differing evanescent
fractions, the effective absorption constants should be very
similar [21] because while the evanescent extent increases
somewhat with order, the surface water layer is confined to
within at most a few nanometers of the surface, which is but
a small fraction of the total evanescent field. Therefore, the
overall absorption will be very weakly dependent on the radial
order of the WGM.

Prior to investigating thermal distortion of a WGM, such
as that shown by the black line in figure 4, experiments are
done to characterize it. At low input power, the linewidth
(�ν) and dip depth (M0) (e.g., those of the blue dashed
line in figure 4) are measured, and the square-wave input
modulation response is used to determine the coupling regime,
so that the coupling loss and total intrinsic loss are now
known. The thermal relaxation time (τ ) is measured, at all
ambient pressures to be used, through external heating of the
microsphere by momentarily focusing a 532 nm laser beam
on it [7]. Then a thermal distortion experiment is done by
increasing the input power and recording the throughput trace
(black line in figure 4). The distorted throughput trace is then
fit to the model (red line in figure 4) given by equation (4).
The temperature variation with time as the laser scans up and
down in frequency, �T(t), is found by solving equation (3) for

Figure 5. Surface water layer thickness versus time, measured using
a microsphere of effective radius 426 μm. The blue line is an
exponential fit with a time constant of 43 h. The nitrogen pressure is
returned to atmospheric after 120 h, and the subsequent change in
thickness is indicated by a dashed line.

an assumed value of β and substituted into equation (4) to get
a throughput trace for that value of β. This process is repeated,
varying β, until the model trace fits the distorted experimental
trace. This value of β then gives the value of αabs by using
equation (2), and substituting this into equation (5) gives
the value of δ, such as the first point plotted in figure 5.
The characterization measurements are performed earlier, so
recording of the distorted trace takes only seconds, and the
fitting process takes only a few minutes, but need not be done
in real time.

This procedure was followed using multiple WGMs in
several different microresonators at a number of different
pressures from 0.022 to 746.4 Torr, and the results were not
only repeatable but also consistent for different input powers.
Here we present results near atmospheric pressure (738.5
Torr), where the water layer is expected to be approximately
one monolayer. Model fitting of the data in figure 4, which are
for a 426 μm radius sphere in air at a wavelength of 1542 nm,
gives αabs = 0.0592 m−1.

Having determined this effective absorption coefficient,
and knowing that the bulk absorption coefficient (αb) of water
at this wavelength is 800 m−1 [25], we can find the thickness
of the water layer from equation (5). The water layer thickness
δ will be given in units of Å (1 × 10−10 m), which is
approximately that of one monolayer. Values of δ less than
1 Å indicate that there is only partial water coverage on the
sphere’s surface [24]. If a sphere has been at atmospheric
pressure for a long time, then the adsorbed water will be on
the order of one monolayer [2, 3]; this is the case in figure 4,
where δ is found to be 1.07 Å, with a precision of a few pm.
This uncertainty in δ results from uncertainties in measurement
and fitting. The uncertainty in measuring the sphere’s radius a
is about 1%, and thus the uncertainty in its mass m is about 3%;
the uncertainty in determining the intrinsic loss coefficient αi is
about 2%, and the dip depth M0 can be measured with about 1%
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precision. The precision in determining the thermal relaxation
time τ is affected by uncertainty in measuring pressure, but in
most cases is less than 2% [7]. Combining the uncertainties of
these quantities appearing in equations (3) and (5) leads to an
estimate of somewhat better than 4% precision in determining
the value of δ. (This assumes that the water layer absorption is
the same as in bulk, but even if a 10% uncertainty is allowed,
our precision in determining δ is only decreased to about 11%,
or 11 pm).

This work is further extended to find the rate of water
desorption from the surface of a silica microsphere. As seen
in figure 5, when a microsphere is kept in the vacuum
chamber at a low pressure (e.g., 0.024 Torr of nitrogen),
δ decreases exponentially with time. The measured data
in figure 5 are fit well by an exponential with a decay
time of 43 h. At such low pressures, the desorption rate is
independent of the ambient gas; the same rate was found
when the residual gas in the vacuum chamber was room air.
It appears that only the physisorbed water desorbs at low
pressure at room temperature; δ appears to be asymptotically
approaching 0.15 Å, representing about 15% surface coverage
by chemisorbed water. These results are very sensitive to how
the silica surface is prepared as the microsphere is fabricated,
but are not inconsistent with much earlier measurements using
a different method [26]. In addition, part of the difference
between attenuation in bulk water and in adsorbate is due to
the difference in strengths of physisorption and chemisorption
of water on the silica surface; physisorbed water behaves more
like bulk water [21]. The absorption coefficient is slightly
higher for very low surface coverage where chemisorption
dominates [24], and this may lead to an overestimate of δ

in such cases. After 120 h, when δ has reached 0.15 Å, the
adsorption time is measured by returning the vacuum chamber
to atmospheric pressure with room air; δ reaches 1.07 Å after
9–12 min. If the chamber is refilled to atmospheric pressure
with dry nitrogen, it takes on the order of 24 h for δ to reach
1 Å, as seen in figure 5, indicated by a dashed line to reflect
that we did not make enough observations to determine the
precise time dependence.

4. Conclusion

In conclusion, a thermal WGM profile distortion technique
permits the measurement of the effective absorption
coefficient, and hence the thickness of a water layer (or other
surface film) on a dielectric microresonator. We used it to
measure the thickness of a layer of water adsorbed on the
surface of a fused-silica microresonator under various ambient
conditions. If the thickness of a surface film is known, this
technique then also permits the measurement of the absorption
coefficient of the film, and it can be applied to films of
any refractive index and absorption coefficient, provided only
that the film is thin enough. This method has also been
further extended to measure the desorption rate of water from
the surface of a fused-silica microresonator at low ambient
pressure. The precision of these measurements is quite good,
so the prospect of using these ultrasensitive techniques for the
characterization of other thin-film coatings is promising.
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